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Kurzfassung
Die Versorgung von drahtlosen Sensoren aus der Umgebungsenergie ermöglicht
heutzutage eine hohe Einsatzflexibilität und die Senkung des Systemwartungsaufwands.
Schwingungsquellen sind aufgrund ihrer Verfügbarkeit und der damit erreichbaren
Energiedichte besonders attraktiv. Ziel dieser Arbeit ist es, einen hybriden Energiewand-
ler für Vibrationsquellen mit geringer Amplitude und niedriger Frequenz zu realisieren.
Der Ansatz dabei ist, zwei verschiedene Wandler zu kombinieren, um eine höhere
Energiedichte zu erreichen und die Zuverlässigkeit zu verbessern. Der Entwurf konzen-
triert sich auf die Modellierung und den Test des hybriden Vibrationswandlers. Für
einen geeigneten Wandlerentwurf werden die Schwingungsprofileigenschaften mehrerer
Umgebungsschwingungsquellen untersucht. Die Ergebnisse zeigen, dass die typische
Frequenz zwischen 5 Hz und 60 Hz und der Beschleunigungsbereich zwischen 0,1 g und
1,5 g liegen.
Der vorgeschlagene Wandler kombiniert das magnetoelektrischen (ME) Prinzip mit
dem elektromagnetischen (EM) Prinzip. Diese beiden Prinzipien können innerhalb des
fast gleichen Volumens leicht integriert werden, da sie Energie aus der Variation des
gleichen Magnetfeldes, das mit der mechanischen Schwingung gekoppelt ist, erzeugen
können. Dadurch wird die Energiedichte verbessert, da der ME-Wandler in das relativ
große Spulengehäuse des elektromagnetischen Wandlers eingesetzt werden kann.
Darüber hinaus basiert der vorgeschlagene Wandler auf der Verwendung von Mag-
netfedern, um die Repulsivkraft auf die seismische Masse zu realisieren. Aufgrund der
Nichtlinearität der Magnetfeder, kann der Wandler in einem breiteren Frequenzbereich
betrieben werden, anstatt nur bei der Resonanzfrequenz, wie es bei der Verwendung
einer mechanischen Feder der Fall ist. Dies führt dazu, dass der Wandler auch bei
zufälligen breitbandigen Schwingungsquellen effizient betrieben werden kann. Darüber
hinaus ermöglicht die Verwendung des Magnetfederprinzips eine einfache Einstellung der
Resonanzfrequenz des Wandlers in Bezug auf die Schwingungsquelle, durch Einstellen
der Größe des beweglichen Magneten.
Für den Wandlerentwurf wird eine Parameterstudie mit Hilfe der Finite-Elemente-
Analyse durchgeführt. Zwei Hauptkriterien werden dabei berücksichtigt: Die Kom-
paktheit und die Energieeffizienz des Wandlers. Parameter die diese beiden Kriterien
beeinflussen, können in mechanische, elektromagnetische und magnetoelektrische un-
terteilt werden. Die Ergebnisse haben gezeigt, dass die Kombination der EM- und
ME-Prinzipien zu einer Verbesserung der Energieausbeute im Vergleich zu einem
einzelnen EM- oder ME-Wandler geführt hat.
Der neuartige Hybrid-Wandler wurde realisiert und unter harmonischen und realen
Schwingungsprofilen getestet. Der Wandler besteht aus zwei Hauptteilen: Ein festes Teil,
an dem die Spulen und der ME-Wandler befestigt sind, um eine hohe Zuverlässigkeit zu
gewährleisten indem auf einen beweglichen Draht verzichtet wird, und ein bewegliches
Teil, das sich aus einem beweglichen Magneten zusammensetzt.
Der vorgestellte Wandler ist zuverlässig, kompakt und in der Lage, Energie mit einer
maximalen Ausgangsleistungsdichte von 0,11 mW/cm3 und einer Bandbreite von 12 Hz
xx Abstract
bei einer Resonanzfrequenz von 24 Hz unter einer angelegten harmonischen Schwingung
mit einer Amplitude von 1 mm zu gewinnen.
Schlagwörter: Energy harvesting, Vibrationswandler, Hybridsystem, Niederfrequenz,
geringe Beschleunigung, elektromagnetisches Prinzip, magnetoelektrisches Prinzip,
magnetostriktives Material, piezoelektrisches Prinzip.
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Abstract
Supplying wireless sensors from ambient energy is nowadays highly demanded for
a higher flexibility of use and low system maintenance costs. Vibration sources are
thereby especially attractive due to their availability and the relatively high energy
density they can provide.
The aim of this work is to realize a hybrid energy converter for vibration sources
having low amplitude and low frequency. The idea is to combine two diverse harvesters
to realize a higher energy density and at the same time to improve the converter
reliability. We focus on the design, modeling, and test of the hybrid vibration converter.
For an appropriate converter design, the vibration profiles of several ambient vibration
sources are characterized. The results show that the typical frequency and acceleration
ranges are between 5 Hz to 60 Hz and 0.1 g to 1.5 g respectively.
The proposed converter is based on the magnetoelectric (ME) and electromagnetic
(EM) principles. These two principles can be easily combined within almost the same
volume, because they generate energy form the same varying magnetic field coupled
to the mechanical vibration of the source. Thereby, the energy density is improved
as the ME converter is incorporated within the relatively large coil housing of the
electromagnetic converter.
The proposed converter is based on the use of a magnetic spring instead of the
typically used mechanical springs, which applies the repulsive force to the seismic mass
of the converter. The applied vibration is transmitted to the converter based on the
magnetic spring principle instead of the conventional mechanical springs. Due to the
nonlinearity of the magnetic spring, the converter is able to operate for a frequency
bandwidth instead of resonant frequency which is the case while using a mechanical
spring. Hence, this leads to realize a high converter efficiency even under random
vibrations characterized by frequency bandwidth. As well, using magnetic spring
principle enables to adjust the resonant frequency of the converter relative to the
applied vibration source easily by just adjusting the moving magnet size.
For the converter design, a parametric study is conducted using finite element analysis.
Two main criteria are thereby taken into account, which are the compactness and
the efficiency of the converter. Parameters affecting these two criteria are classified
in mechanical, electromagnetic and magnetoelectric parameters. Results show that
the combination of the EM and ME principles leads to an improvement of the energy
output compared to a single EM or ME converter.
The novel hybrid converter is realized and tested under harmonic and real vibration
profiles. It comprises two main parts: A fixed part, where the coils and the ME
transducer are fixed in order to ensure a good reliability of the converter by avoiding
wire movements. A moving part, where the moving magnet of the magnetic spring
and the magnetic circuit are placed. The presented converter is reliable and compact,
which is able to harvest energy with a maximum output power density of 0.11 mW/cm3
within a frequency bandwidth of 12 Hz for a resonance frequency of 24 Hz under an
applied harmonic vibration with an amplitude of 1 mm.
xxii Abstract
Key words: Energy harvesting, vibration converter, hybrid system, low frequency,
low acceleration, electromagnetic principle, magnetoelectric principle, magnetostrictive
material, piezoelectric principle.
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CHAPTER 1
Introduction
1.1 Motivation and problem statement
Harvesting energy from ambient sources to supply self-powered systems is challenging in
several fields like industry, buildings, transportation, bridges and medical applications.
It presents a good alternative for the use of cables and batteries, especially in harsh
environment, where safety and accessibility for human intervention are limited or costly.
Different environmental energy sources are available like solar, vibration, wind and
thermal, and can be used for this purpose. Table 1.1 presents a comparison for the
different environmental sources relative to their availability, power density level and
maintenance cost.
Table 1.1: Overview of different environmental sources [1, 2].
Availability Minimal maintenance cost Power densityIndoor Outdoor
Thermal X X X 10-100 𝜇W/cm3
Solar X X X Indoor: 10000 𝜇W/cm
3
Outdoor: 100 𝜇W/cm3
Wind X X X
Vibration X X X 100-1000 𝜇W/cm3
As it is shown in table 1.1, thermal, solar and wind sources are available in most of
cases in only outdoor environment, and their maintenance is costly. Instead of that,
vibration source is one of the promising sources due to its availability in indoor as well
as outdoor applications and its relative high energy density compared to the other
sources [3]. In order to develop an efficient vibration energy harvester, examples of
ambient sources properties are presented in the following.
1.2 Ambient vibration sources characteristics
The evaluation and characterization of the ambient vibration is crucial to design an
efficient vibration converter, which is able to harvest energy from ambient sources. In
fact, bridges, human motion, vehicle traffic, industrial machines have different types of
vibration profiles.
1.2.1 Exemplary investigation of train and law mower vibration source
In this section, measurements of vibration profiles in vehicle traffic are presented, from
freight trains and from machines such as a lawn mower as reference. Vibration between
1
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freight train wagons is realized during three days for a train traveling between Leipzig
and Hamburg [4]. A data logger was attached to one of the train wagons as shown in
figure 1.1(a). Two acceleration sensors are used to measure the signals. Acceleration
profiles along the three axes x (orthogonal to the travel direction), y (direction of
travel) and z (along the height) are measured. Figure 1.2 presents an example of the
measured acceleration profile along the three directions x, y and z for one day from the
train.
(a) (b)
Figure 1.1: Data logger attached to one of the train wagons for vibration measurement
(a), axes definition for the vibration measurement (b).
Figure 1.2: Acceleration profiles measurement along the three axes x, y, and z in train.
Results show that the highest acceleration level is reached along z axis compared to
x and y axes. The maximum measured average for the acceleration is ∼ 20 m/s2 and
the average amplitude is ∼ 3 m/s2. As well, a short measurements for vibration profiles
in lawn mower presented in figure 1.3. For this case, the maximum acceleration is in
the range of 4 m/s2. In order to characterize the typical frequencies for the vibration
profiles, the Fourier spectrum for the measured acceleration along z axis of the train
and the lawn mower for one minute and 35 seconds, respectively is determined. For
the lawn mower profile, it presents a larger frequency bandwidth between 28 Hz, and
85 Hz, with a typical high frequencies at 28 Hz, 68.5 Hz, and 84 Hz as presented in
1.2 Ambient vibration sources characteristics 3
figure 1.4(a). In the case of the train vibration profiles, the frequency range is between
22 Hz, and 35.6 Hz, with a relevant highest peak frequencies at 22 Hz, 28 Hz, and 33
Hz as shown in figure 1.4(b).
Figure 1.3: Acceleration profiles measurement along the three axes x, y, and z in lawn
mower.
(a) (b)
Figure 1.4: Fourier transform performed for the vibration profile from: (a) the lawn
mower, (b) the train.
1.2.2 Summary of ambient vibration source characteristics
Based on the characterized sources and on the state of the art, figure 1.5 illustrates
a summary of the properties of different environmental vibration sources in terms of
acceleration and frequency.
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Figure 1.5: Characteristics of different ambient vibration sources [4, 5, 6].
In table A.1, the different environmental sources presented in figure 1.5 are detailed.
As it is shown, most of real environmental vibration sources are characterized by a low
level of frequency limited to ∼ 60 Hz and an acceleration level limited to ∼ 1 g. For
that, the aim of this work is to propose an energy converter able to store energy from
environmental vibration sources.
1.3 Research objectives
Harvesting energy from vibration is challenging due to the weak ambient vibration
sources properties. This work is devoted to propose an energy harvesting system,
which stores energy from low amplitudes and frequencies vibration sources. For an
optimal converter design, selection of the adequate principle to harvest energy is crucial.
A comparison of the different principles is investigated. The main criteria for the
principles comparison takes into account the fact that, the principles ensuring a higher
energy density in the case of low frequency and amplitude excitations are more suitable.
Further, the aim is to guarantee a better long life time compared to the other
principles. Nevertheless, the energy density and the frequency bandwidth are still
limited for different principles especially under ambient sources. This work focuses on
the development of novel hybrid converter, that enables to overcome the limitations
of used principles like bulky size, the limited frequency bandwidth, the reliability, the
limited energy density in the case of compact converters. In this work, we are interested
to the converter design to ensure a relevant energy density, while respecting the applied
vibration properties.
The aim is to propose a hybrid solution, where the implementation of the more than
one principle within a compact size is possible. This is a challenging fact, that enables
to reduce the size of the converter, which makes its implementation possible, and to
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improve the energy density. In this case, the converter is able to harvest from both
principles under a same applied vibration. Also, one of the investigated aspects is to
ensure an improvement on the performance of each principle compared to the use of
single principle, while combined. The enhancement of the frequency bandwidth in order
to have a converter working under random vibration profiles is considered in this work.
A good reliability for the converter should be ensured. Especially, the reliability in
term of each of the principle can work independently and also a good wiring reliability
for the output. In order to ensure that, optimization of the energy output through
the two selected principles within a compact size is studied. The optimization of the
architecture considering all parameters that can affect the generated energy should be
investigated as well the effect of both principles on each others.
1.4 Thesis outline
This thesis is divided into six chapters. Chapter 1 provides a general overview about
examples of ambient vibration sources properties, and different existing principles for
scavenging energy from vibration source. A comparison and a selection of the suitable
principles is presented.
Chapter 2 provides about the theoretical background of electromagnetic and mag-
netoelectric vibration converters. It presents the theoretical background for the char-
acterization of electromagnetic and magnetoelectric converters. The advantages of
combining the electromagnetic and magnetoelectric principles are emphasized.
Chapter 3 provides an overview about the state of the art for electromagnetic, mag-
netoelectric and hybrid macro vibration converters, where it encloses a quantitative
comparison and a discussion as well about the available vibration converters in terms
of energy density, working frequency range and acceleration.
Chapter 4 presents a parametric study and the design of the proposed hybrid
electromagnetic-magnetoelectric vibration converter. The optimization of the en-
ergy outcomes of each principle and for the hybrid system is investigated in this part
based on finite element analysis. Effect of the combination of electromagnetic and
magnetoelectric principles on each converter behavior is then illustrated.
In chapter 5, experimental investigations are carried out and results about the gen-
erated voltage and output power from the generator, tested under different vibration
profiles, are discussed and compared to the estimated results in chapter 4. A comparison
to the developed converter in the state of the art is conducted.
Finally, chapter 6 presents the conclusion and some future perspectives for this work.
An overview of the thesis structure is illustrated in figure 1.6.
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CHAPTER 2
Theoretical background
This chapter presents an overview and comparison of the different principles that can
be used to harvest energy from vibration source. Further, the theory and fundamentals
related to the development of an electromagnetic and magnetoelectric converter. In
particular, for the electromagnetic converter, in order to improve the energy output, it
is necessary to have a good selection for the materials that can be used for the coil
and magnets, which are reviewed in the following sections. For the magnetoelectric
converter, a better understanding of the magnetoelectric effect relative the transducer
structure and the different modes that can be used is important for an improved design.
2.1 Basic principles for vibration converters
Different principles can be used and are classified in four types: electrostatic (ES),
piezoelectric (PE), electromagnetic (EM) and magnetoelectric (ME). In the following,
the different principles are presented and compared for the preselection of the most
adequate one to design the converter.
2.1.1 Converters
For the electrostatic principle, due to the presence of motion between two plates of a
charged capacitor, the electric potential through the capacitor is changed (Figure 2.1).
Electrostatic converters should be charged with a reference voltage in the beginning
from another source like batteries. They are used usually in MEMS applications [7].The
second type of converters consists on the piezoelectric principle.
Figure 2.1: Electrostatic principle [8].
In most cases, piezoelectric converters are developed using a cantilever beam. It is
based on applying a stress/strain to the cantilever along the poling direction, which
will lead to generate an electrical energy from the piezoelectric layer (Figure 2.2) [9].
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Figure 2.2: Piezoelectric principle.
EM named also electrodynamic converters are usually formed with magnets and
coils. Under excitation, a relative movement between coils and magnets leads to the
variation of the magnetic flux density, which is passing through the coil (Figure 2.3).
With respect to Faraday’s Law, an AC voltage is generated through the coil [10].
N
S Magnet
Coil
𝑉
Figure 2.3: Electromagnetic principle.
ME principle is based on the placement of magnetoelectric transducer formed with
a magnetostrictive (MS) and piezoelectric (PE) layers in a variable magnetic field
environment. The MS layers are strained due to the presence of the magnetic flux density
change [11]. The PE layer, placed between the MS layers, receives this deformation as
a stress and generates an electrical energy (Figure 2.4).
MS layersPE layer
𝑉
H
Figure 2.4: Magnetoelectric principle.
2.1.2 Comparison
Vibration converters performance is highly depending on the characteristics of the
applied excitation source and the adopted energy harvesting principle. In this part,
we try to consider the main criteria to compare the four principles to harvest energy
from the vibration as shown in table 2.1 for a preselection of the suitable principle. We
can conclude from this comparison, that the piezoelectric principle is suitable in the
case of high frequency excitation (> 100 Hz). Electrostatic and piezoelectric principles
are well adapted to miniaturization like in MEMS applications. For lower frequencies,
electromagnetic and magnetoelectric principles are more promising.
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In the following, an interesting comparison of these principles, relative to the impor-
tant vibration energy harvesting devices criteria, is proposed in figure 2.5. The criteria
taken into account are the converter life time, size, power output, working frequency
and its implementation. Each criterion is estimated in the range between 0 and 5; 0
presents the minimum and 5 is the maximum value for the frequency, size, life time
and power level evaluation. For the implementation criteria, the range 0 to 5 presents
the degree of implementation complexity (0 = easy implementation).
Table 2.1: Comparison of piezoelectric, electromagnetic, electrostatic and magnetoelec-
tric vibration converters [12, 13].
Principle Advantages Disadvantages Frequency range (Hz)
PE
High output voltage,
good for miniaturization,
no external voltage
source is needed
High impedance, low
current, limited life time,
aging effect for the
piezoelectric, expensive
> 100
ES
Suitable for MEMS
devices, low operation
frequency
Need of external source,
low output power density
ME
No external voltage source
is needed, high voltage,
suitable for low frequency
High impedance,
expensive < 100
EM
No external voltage source
is needed, low impedance,
suitable for operation at low
frequencies, robust, low cost
Low generated voltage,
low power density
at MEMS scale, complex
to implement in micro scale
< 100
Figure 2.5 illustrates that the PE and ES converters are the most compact one.
Nevertheless, in terms of power level, PE and ES generate less energy compared to
the EM and ME converters. As shown in figure 2.5, the aim, while harvesting energy
from vibration, is to have a compromise in terms of power, size and considering the
available ambient source. Based on above comparative study, for the development
of vibration converters working for low frequency with high energy density and easy
implementation, electromagnetic and magnetoelectric principles are the most promising
solutions in this case.
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Figure 2.5: Comparison of electrostatic, piezoelectric, electromagnetic and magneto-
electric principles considering the power level, working frequency, converter size, its
implementation, and its life time.
2.2 Electromagnetic converters
EM systems are characterized mainly by the relationship between the magnetic flux
density and the magnetic field level, which is defined by Eq. 2.1 [14]:
?⃗? = 𝜇0𝜇𝑟?⃗? (2.1)
Where B, 𝜇0, 𝜇𝑟 and H are the magnetic flux density, the permeability of free space,
which has a value of 4𝜋 × 10−7 𝑁/𝐴2, the relative permeability of the material and the
magnetic field, respectively. Another parameter is used to characterize the EM system,
it is the flux 𝜑 defined by Eq. 2.2:
?⃗? = ?⃗?𝐴 (2.2)
𝐴 presents the cross-section area, where the flux density is calculated. For the EM
converter, the selection of material for the magnets and coil can affect the generated
voltage.
2.2.1 Magnets material selection
In order to select the magnets material, a comparison between different magnetic
materials is conducted. Parameters taken into account are the Curie temperature (𝑇𝑐),
the remnant flux density level (𝐵𝑟), the material density and the coercive force (𝐹𝑐).
As it is shown in table 2.2, ceramic material has low density, which leads to have a
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light weight system. In fact, its coercive force is limited, which is the same case as
well for the Alnico material. In contrast, NdFeB 45 has a higher coercive force, which
enables a good resistance to the demagnetization and a high remnant flux density
compared to other magnetic materials. Based on this comparison, in this work, the
used magnets are NdFeB 45 since it presents a good performance compromise between
strength, weight and price.
Table 2.2: Comparison of main used magnetic materials [15, 16].
Material B𝑟(T) T𝑐 (°C) Density (kg/m3) Perme-
ability
F𝑐 (kA/m)
Ceramic – 460 4900 1.05 150 - 290
Alnico 0.56 - 1.3 860 7000 1.70 34 - 150
Ferrite-8 0.038 180 0.005 – –
Magnetic
rubber 0.2 50 3500 – –
Sm Co 0.8 - 1.1 750 8200 - 8400 1.05 490 - 600
NdFeB 45 1.0 - 1.3 320 7300 - 7500 1.05 880 - 960
2.2.2 Coil material selection
Different materials can be used for the coil realization such as the aluminum, silver, gold
and copper. Table 2.3 presents a comparison between material properties, especially in
terms of density and conductivity. Compared to aluminum, other presented materials
have higher conductivity, which allows a better conductance with a smaller volume.
Indeed, both copper and aluminum are cheaper. In this case, copper material is chosen
for the coil due to its good compromise in terms of conductivity, density and price.
Table 2.3: Comparison of coil materials [17, 18]
Material Density (kg/m3) Conductivity (107𝑆/m)
Aluminum 2700 3.5
Copper 8960 5.96
Silver 10500 6.3
Gold 19300 –
2.2.3 Energy output from the electromagnetic converter
The electromagnetic converter output depends on the relative movement between the
magnet and the coil. This causes a change on the magnetic flux through the coil, which
generates a voltage in the coil based on Faraday’s law [19]. Hence, the output voltage
from the EM converter is expressed based on Faraday’s law by Eq. 2.3:
𝑉𝑐𝑜𝑖𝑙 = −𝑁 𝑑𝛷
𝑑𝑡
= −𝑁 𝑑𝛷
𝑑𝑧
𝑑𝑧
𝑑𝑡
(2.3)
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Where 𝑁 , 𝛷 and 𝑧 are the number of coil windings, magnetic flux through the coil,
and magnet displacement, respectively. From Faraday’s law, it is clear that the output
voltage is relative to the movement between the coil and magnets, which depends
principally on the moving mass and the applied vibration properties. Further, it is
affected by the magnetic flux level. This is relative to the used material of both. The
magnets and coils as well as the material of the complete converter design. This fact
affects directly the distribution of the magnetic field passing through the coil.
In the following, the power output from the EM converter is determined. For that,
the system is modeled with the equivalent electrical circuit as presented in figure
2.6. The EM converter can be modeled as an AC source in series with a resistance
and inductance representing the coil properties. In this case, the coil resistance and
inductance are defined by 𝑅𝑐𝑜𝑖𝑙 and 𝐿𝑐, respectively [20].
Rcoil
Lc
Vcoil
Rload
Figure 2.6: Equivalent circuit of an electromagnetic source.
The voltage through the coil can be expressed by Eq. 2.4:
𝑉𝑐𝑜𝑖𝑙 = (𝑅𝑐𝑜𝑖𝑙 +𝑅𝑙𝑜𝑎𝑑)𝑖+ 𝐿𝑐
𝑑𝑖
𝑑𝑡
(2.4)
The power output is defined by the following Eq. 2.5:
𝑃𝑙𝑜𝑎𝑑 =
𝑉 2𝑙𝑜𝑎𝑑
𝑅𝑙𝑜𝑎𝑑
(2.5)
Where,
𝑉𝑙𝑜𝑎𝑑 = 𝑅𝑙𝑜𝑎𝑑𝑖 (2.6)
In this case, we assume that the inductance can be neglected since the coil has an air
core and the system is working at low frequencies less than 150 Hz [21].
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Hence, the voltage through the coil (Eq. 2.4) can be expressed by Eq. 2.7:
𝑉𝑐𝑜𝑖𝑙 = (𝑅𝑐𝑜𝑖𝑙 +𝑅𝑙𝑜𝑎𝑑)𝑖 (2.7)
Hence, Eq. 2.6 can be written as follow:
𝑉𝑙𝑜𝑎𝑑 =
𝑅𝑙𝑜𝑎𝑑
𝑅𝑐𝑜𝑖𝑙 +𝑅𝑙𝑜𝑎𝑑
𝑉𝑐𝑜𝑖𝑙 (2.8)
The coil resistance is defined by Eq. 2.9:
𝑅𝑐𝑜𝑖𝑙 =
𝜌𝐿𝑤
𝑆
(2.9)
where 𝜌, 𝐿𝑤 and 𝑆 are the resistivity of the coil material, the coil wire length and the
cross-sectional area of the coil wire, respectively.
The coil wire length can be determined by Eq. 2.10:
𝐿𝑤 =
𝜋(𝑟20 − 𝑟2𝑖 )𝑙
𝑑2𝑤
(2.10)
Where 𝑟0, 𝑟𝑖, 𝑙 and 𝑑𝑤 are the outer coil radius, the inner coil radius, the coil length,
and the coil wire diameter, respectively.
Considering Eq. 2.10, the coil resistance defined by 2.9 can be expressed by Eq. 2.11:
𝑅𝑐𝑜𝑖𝑙 =
4𝜌(𝑟20 − 𝑟2𝑖 )𝑙
𝑑4𝑤
(2.11)
From Eq. 2.8 and Eq. 2.11, the power output for the EM principle is expressed by:
𝑃𝑙𝑜𝑎𝑑 =
𝑅𝑙𝑜𝑎𝑑
(4𝜌(𝑟
2
0−𝑟2𝑖 )𝑙
𝑑4𝑤
+𝑅𝑙𝑜𝑎𝑑)2
𝑉 2𝑐𝑜𝑖𝑙 (2.12)
2.3 Magnetoelectric converters
The design of the magnetoelectric converter depends on different effects. First, the
piezoelectric effects and modes that can be used, since the output of the magnetoelectric
is measured through the piezoelectric material. Further, the energy output depends as
well on the magnetoelectric effect on the transducer, since the applied stress to the
piezoelectric layer depends mainly on the magnetostriction of MS layers.
Therefore, in the following, piezoelectric, magnetoelectric and magnetostricitve
principles are explained in details taking into account the structure, and different
modes that can be used for a ME transducer.
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2.3.1 Piezoelectric principle
Piezoelectric principle is the conversion of electrical energy to mechanical energy and
vice versa. It consists of generating an AC voltage from a material due to a certain
applied stress and vice versa. For energy harvesting field, piezoelectric materials
are evaluated relative to their piezoelectric constant and electromechanical coupling
coefficient.
The piezoelectric constant is the produced charge due to an applied stress on the
material, or the generated strain due to an applied electrical field. It is defined by 𝑑𝑖𝑗,
where i is the direction of the electric field and j is the stress or the strain direction.
The electromechanical coupling coefficient 𝑘𝑖𝑗 defines the efficiency of the material to
convert mechanical energy into electrical energy or the inverse and it is described by
Eq. 2.13 [22]:
𝑘𝑖𝑗 =
√︃
𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
(2.13)
Figure 2.7 presents the direct and the inverse piezoelectric effect. For the energy
harvesting field, the direct effect is used to get an energy outcome from the piezoelectric
material [23, 24].
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Figure 2.7: Direct (a), inverse (b) piezoelectric effect.
The piezoelectric layer can be polarized along two directions (Figure 2.8). The first
direction is perpendicular to the applied force and in this case, it is known as 𝑑31 mode
[25]. For the second polarization direction, it is parallel to the applied force and it is
named 𝑑33 mode. Due to its high generated lateral stress for an applied force, mode
𝑑31 is more used.
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Figure 2.8: Operational modes for the piezoelectric material: (a) 𝑑31, (b) 𝑑33 mode.
In the following, table 2.4 presents an overview between mainly used piezoelectric
materials in the field of energy harvesting, relative to their piezoelectric constant and
electromechanical coupling coefficient, which present the main parameters that can
affect the energy output of the converter.
As it is shown, compared to the other materials, the PZT-5H and PZT-5A have the
highest electromechanical coupling, which is one of the main important parameters
affecting the output voltage of the converter. Further, PZT-5H has a better piezoelectric
coefficient (𝑑31) and permittivity tensor (𝜀33) relative to PZT-5A.
Table 2.4: Comparison of piezoelectric materials properties [26, 27, 28, 29, 30].
Material 𝑘33 𝑘31 𝑑31 (pc/N) 𝜀𝑇33/𝜀0
PVDF 0.16 0.1 16.5 10
PZT-8 0.68 0.34 -105 1000
PZT-4 0.7 0.33 -122 1000
PZT-5J 0.73 0.63 220
PZT-5A 0.71 0.34 -175 1800
PZT-5H 0.76 0.4 -283 3400
2.3.2 Magnetostrictive principle
MS material is a material able to change its shape due to the presence of a magnetic
field and vice versa. The variation of materials magnetization leads to the change of
the MS strain until reaching its saturation value defined by 𝜆 (Figure 2.9).
𝜆
H
H
Figure 2.9: Magnetostriction due to an applied magnetic field on a MS material.
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Magnetostriction along one direction through the material can be expressed by Eq.
2.14 [31]:
𝜆𝑖 =
3
2𝜆𝑠((
𝑀𝑖
𝑀𝑠
)2 − 13) (2.14)
Where 𝜆𝑖, 𝜆𝑠, 𝑀𝑖, 𝑀𝑠 are the relative magnetostriction along the i-th direction, mag-
netostriction saturation, the magnetization ratio along the i-th direction and the
magnetization saturation of the material respectively.
The term 1/3 presents the effect that the magnetic moments are randomly oriented in
the material. In case of pre-stressed material, this term is neglected and the magne-
tostriction can be defined as follows by Eq. 2.15. MS materials are characterized by
direct and inverse effects, which are summarized in table 2.5.
𝜆𝑖 =
3
2𝜆𝑠(
𝑀𝑖
𝑀𝑠
)2 (2.15)
Table 2.5: Direct and inverse MS effects [32].
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In this work, we are interested in two main effects due to their influence on the
proposed converter response, which are the Joule and Villari effects. Joule effect is
based on the deformation of the MSM due to an applied magnetic field. Villari effect
is the inverse of the Joules effect. Details about the two effects are presented in the
following.
• Joule effect
Joule effect was discovered in 1842 by J.P. Joule [33] and it is based on the change of
a ferromagnetic material shape due to the presence of magnetic field. This change is
called the magnetostriction. In case of positive magnetostriction, the sample thickness
decreases and the volume is constant, which is the case for the Terfenol-D and Metglas
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MSM (Figure 2.10). In the case of negative magnetostriction, the sample length
decreases, and the volume remains the same like nickel and iron materials [33].
(a) (b)
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Figure 2.10: Positive (a), negative (b) Joule effect.
The Joule effect is defined using the following Eq. 2.16 [33]:
𝑆 = 𝑐𝐻𝜎 + 𝑑𝜎𝐻 (2.16)
Where 𝑆, 𝑐𝐻 and 𝑑𝜎 are the mechanical strain, the compliance coefficient at constant
magnetic field strength 𝐻 and the MS constant at constant stress respectively.
• Villari effect
Villari effect consists of the material magnetization due to an applied stress. Villari
effect can be characterized based on the following Eq. 2.17 [34]:
𝐵 = 𝑑𝜎 + 𝜇𝜎𝐻 (2.17)
Where 𝐵, 𝑑, 𝜎 and 𝜇𝜎 are the magnetic induction, the MS constant, the stress change
and the permeability at constant mechanical stress respectively.
Most of ferromagnetic materials can be considered as MS material but only few of
them have a large magnetostriction 𝜆, which can be useful. A comparison between
main performing MSM is given in table 2.6.
Table 2.6: Comparison of MSM materials properties [28, 35, 36, 37].
Material 𝜆𝑠 (ppm) Induction (mT) Curie T (K)
Terfenol-D 1500 - 2000 300 380
Galfenol 400 - 500 10 670
Metglass 2605S3A 20 1.41 631
FeCo (bulck) 80 10 - 50 1100
FeCo (film) 50 - 120 1 - 20 –
TeFe/Fe 500 10 - 20 1040
We conclude that the two main promising existing MS materials are Terfenol-D and
Galfenol. Comparing these two materials, Terfenol-D has the highest magnetostriction,
but it can be realized only in simple geometry. For the Galfenol, it has a better
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robustness compared to Terfenol-D, but it has a low magnetostriction [17]. Terfenol-D
is selected due to its highest magnetostriction, which can reach up to 2000 ppm to be
able to act on the piezoelectric layer. Meanwhile, a simple geometry will be taken into
account for the transducer design.
2.3.3 Magnetoelectric principle
The magnetoelectric effect results on the generation of electrical energy due to the
presence of a magnetic field and vice versa. Basically, it is a combination of two main
effects, which are the Joule and the piezoelectric effects (Figure 2.11). To generate this
energy, a ME transducer, formed with MS and PE materials is placed in a magnetic
field environment [38]. For the vibration converter, due to the presence of external
vibration, the change of the magnetic flux will lead to a deformation of the MS layer.
∆B ∆l Electric
Energy
Magnetostrictive layer Piezoelectric layer
Joule effect Piezoelectric effect
Figure 2.11: Magnetoelectric principle.
Hence, a strain is created on the MS material, which is transmitted to the piezoelectric
layer as an applied stress. With respect to the piezoelectricity principle, an electric
energy is generated through the piezoelectric layer. The performance of the transducer
depends, principally, on the geometry and size of the transducer, the used materials
for the MS and PE layers as well as the selected mode for the transducer. Different
modes can be used and are detailed in section 2.3.4.
From the state of the art, different MS and PE materials were tested and the
respective magnetoelectric coefficient is determined for different volume fraction ratio.
Table 2.7 presents a quantitative overview for the ME coupling coefficient for different
MS and PE materials combination.
Table 2.7: Magnetoelectric coupling coefficient 𝑘𝑚𝑒 for different MS and PE materials
combinations [39].
Materials Vol.Fract.Ratio
0.1 0.3 0.5 0.7 1
Terfenol-D/PZT-4 0.13 0.16 0.15 0.14 0.13
Terfenol-D/PZT-5A 0.18 0.22 0.22 0.21 0.2
Terfenol-D/PZT-5H 0.27 0.3 0.3 0.28 0.27
Alfenol/PZT-4 0.053 0.052 0.05 0.048 0.045
Alfenol/PZT-5A 0.057 0.0577 0.055 0.053 0.05
Alfenol/PZT-5H 0.071 0.069 0.066 0.063 0.06
Alfenol/PZT-8 0.045 0.044 0.042 0.04 0.038
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2.3.4 Working modes for magnetoelectric transducer
Mainly, three different transducer structures can be used. An MP structure is formed
with one MS and one PE layers. An MPM structure is formed with three layers, which
consist of one PE layer placed between two MS layers. The PMP structure comprises
one MS layer placed between two PE layers as shown in figure 2.12 [40, 41].
(a) (b) (c)
PE layer
MS layer
Figure 2.12: Possible structures for the transducer: (a) MP, (b) MPM and (c) PMP.
In this work, MPM transducer structure is used (Figure 2.12 (b)). The main reason to
use the MPM structure is that, in this case larger clamping effect is ensured compared
to the PMP and MP structure in which the PE layer is able to strain freely. In this case,
different geometries (rectangular, disc or ring), and magnetization for the MS layers
and polarization for PE layers are possible. Different possible modes for the transducer
can be used which consist of the longitudinal longitudinal mode (L-L), longitudinal
transversal mode (L-T), transversal longitudinal mode (T-L), transversal transversal
mode (T-T) and the circumferential circumferential mode (C-C), as presented in figure
2.13 [42].
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Figure 2.13: Possible modes for the ME transducer in case of the MPM structure: (a)
L-L mode, (b) L-T mode, (c) T-L mode, (d) T-T mode, (e) C-C mode.
A comparison between the different modes is conducted in different previous re-
searches [43, 44, 45]. Based on the existing results, L-T and C-C modes are the two
main interesting modes used for the ME transducer in the case of vibration converters
[42]. Main advantage of the L-T mode, the ME coefficient is affected by the coupling
coefficient 𝑑33, which is much higher than the coupling coefficient 𝑑31 [46]. For the C-C
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mode, highest magnetostriction is reached due to the cylindrical geometry, which is
more suitable in the case of applied magnetic field vortex [47].
2.3.5 Energy output from the magnetoelectric converter
The second energy source is generated based on the ME principle through the PE layer.
The equivalent circuit for the ME transducer under free boundary conditions can be
presented as an AC source in series with a load capacitance 𝐶 as shown in figure 2.14
[48, 49].
𝐶
𝛼𝑣𝐻3 R𝑙
𝐻3
Figure 2.14: Equivalent circuit for the ME transducer.
The output voltage is defined by Eq. 2.18:
𝑉𝑀𝐸 = 𝛼𝑣𝐻3 (2.18)
Where 𝛼𝑣 and 𝐻3 are the ME voltage coefficient and the magnetic field passing through
the MS layers, respectively. The ME voltage coefficient is expressed by 2.19 [49]:
𝛼𝑣 =
𝑛(1− 𝑛)𝑡𝑐𝑑33,𝑚𝑑31,𝑝
𝜀33[𝑛(1− 𝑘231)𝑠𝐸11 + (1− 𝑛)𝑠𝐻33]
(2.19)
Where 𝑛, 𝑡𝑐, 𝑑33,𝑚, 𝑑31,𝑝, 𝜀33, 𝑠𝐸11, 𝑘31, 𝑠𝐻33 are the thickness ratio of the transducer, the
total thickness of the transducer, the piezomagnetic constant, the piezoelectric coeffi-
cient, the permittivity tensor, the piezoelectric elastic compliance at constant D, the
piezoelectric electromechanical coupling coefficient and the longitudinal piezomagnetic
elastic compliance at constant H, respectively. The magnetic field H is defined by Eq.
2.20:
𝐻3 =
𝐵3
𝜇0
(2.20)
Hence, the ME voltage output can be expressed as follow:
𝑉𝑀𝐸 = 𝛼𝑣
𝐵3
𝜇0
(2.21)
Where 𝜇0 = 4𝜋10−7 NA−2 is the permeability of free space and 𝐵3 is the magnetic flux
density passing through the MS layers.
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The power output from the ME converter can be determined by Eq. 2.22:
𝑃𝑀𝐸𝐿𝑜𝑎𝑑 =
𝑉 2𝑀𝐸𝐿𝑜𝑎𝑑
𝑅𝑙
(2.22)
Where the voltage at the load can be expressed as follows [50]:
𝑉𝑀𝐸𝐿𝑜𝑎𝑑 =| 𝛼𝑣𝑅𝑙𝐵3
𝜇0(𝑅𝑙 + 1𝑗𝜔𝐶 )
|= 𝛼𝑣𝜔𝐶𝑅𝑙𝐵3
𝜇0
√︀
1 + (𝜔𝐶𝑅𝑙)2
(2.23)
Taking into account Eq. 2.23, the power output defined by Eq. 2.22 for the ME
converter can be expressed by Eq. 2.24 [49]:
𝑃𝑀𝐸𝐿𝑜𝑎𝑑 =
(𝛼𝑣𝜔𝐶𝐵3)2𝑅𝑙
𝜇20[1 + (𝜔𝐶𝑅𝑙)2]
(2.24)
The maximum output power is reached for an optimal load resistance 𝑅𝑙 equal to 1/𝜔𝐶
and in this case Eq. 2.24 can be expressed as follows:
𝑃𝑀𝐸𝑚𝑎𝑥 =
(𝛼𝑣𝐵3)2𝜔𝐶
2𝜇20
(2.25)
For the capacitance 𝐶, it depends if the output voltage is measured, directly, on the
PE layer and in this case, the capacitance 𝐶 can be expressed as the capacitance of
the PE plate by Eq. 2.26 [51]:
𝐶 =
𝑘𝑡𝑝33𝜀0𝑙𝑏
ℎ
(2.26)
Where 𝑘𝑡𝑝33, 𝜀0, 𝑏, 𝑙 and ℎ are the dielectric constant, the permittivity of free space, the
width, length and thickness of the piezoelectric layer, respectively. The output voltage
can be also measured through the MS layers in case of conductive adhesion between
the MS and the PE layer.
In this case, the PE and MS layers are bonded with a conductive epoxy. The
capacitance should be calculated by taking into account the MS layers. It represents
the ME transducer capacitance [52], which can be determined based on the Eq. 2.27:
𝐶 = 𝑏𝑙𝜀33[𝑛(1− 𝑘
2
31)𝑠𝐸11 + (1− 𝑛)𝑠𝐻33]
𝑡𝑐(1− 𝑛)[𝑛𝑠𝐸11 + (1− 𝑛)𝑠𝐻33]
(2.27)
Taking into account Eq. 2.25, Eq. 2.26 and Eq. 2.27, the maximum power output
from the ME transducer can be written in case of direct piezoelectric contact by Eq.
2.28 and in case of using conductive epoxy and measurement of the output on the MS
layers by Eq. 2.29:
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𝑃𝑀𝐸𝑚𝑎𝑥 =
(𝛼𝑣𝐵3)2𝜔𝑘𝑡𝑝33𝜀0𝑙𝑏
2𝜇20ℎ
(2.28)
𝑃𝑀𝐸𝑚𝑎𝑥 =
𝜔𝛼2𝑣𝐵
2𝑏𝑙𝜀33[𝑛(1− 𝑘231𝑠𝐸11) + (1− 𝑛)𝑠𝐻33
2𝜇20𝑡𝑐(1− 𝑛)[𝑛𝑠𝐸11 + (1− 𝑛)𝑠𝐻33]
(2.29)
2.4 Relationship between excitation parameters
An applied vibration is characterized by its frequency, displacement and acceleration.
A mathematical relationship between the three parameters can be defined as follow:
𝑓 =
√︂
𝐺𝑎
2𝜋2𝑧 𝑧 =
𝐺𝑎
2𝜋2𝑓 2 (2.30)
Where 𝑧, 𝑓 , 𝑎 and 𝐺 are respectively, the displacement in m, the frequency in Hz, the
acceleration in g and 𝐺 = 9.8 m/s2. These relationships will be used in the presented
work to determine the applied excitation characteristic on the converter.
2.5 Adhesion of magnetostrictive and piezoelectric layers
In order to ensure a high performance for the ME transducer, a better bonding between
PE and MS layers should be ensured. In this section, comparison between different
epoxy materials is presented. A conductive or a non-conductive epoxy can be used to
ensure the bonding between the MS and PE layers. Selection of the epoxy properties
has a direct effect on the ME voltage coefficient. Further, the use of an epoxy with
high Young’s modulus will lead to the decrease of the ME voltage coefficient level,
hence the energy outcome form the ME transducer [53]. In fact, in case of high young
modulus, transmission of the deformation from the MS layer to the PE layer is lost
because of the high rigidity of the material.
The epoxy thickness should be also taken into account, since it presents the main
fact to ensure the bonding between layers. Increasing the epoxy thickness will lead to a
better coupling between the MS, epoxy and PE layers. Nevertheless, for a thick epoxy
layer, the transmission of the deformation is lost and leads to the decrease of the ME
voltage coefficient. For that, epoxy having a certain viscosity, which enables to ensure
a thin layer, is crucial in this case. As conclusion, the placement of epoxy between the
two layers should be done by taking into account the young modulus level and the
epoxy layer thickness for a maximum and homogeneous transfer of the deformation
from the MS layer to the piezoelectric layer.
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Table 2.8: Comparison of epoxy materials properties [53, 54].
Epoxy type Tensile strength (MPa) Density (g/cm3) Viscosity
(mPa.s)
Epoxy resin L20 70.2 1.15 900
Duralco 4538 (Flexible) 41.4 1 10000
Bond It 7050 4.5 1.05 20000
Duralco 4460 71 1.1 600
Araldite 420A 29 1.2 100 - 300
The evaluation of the energy outcome through the PE layer can be established
directly, through the piezoelectric or indirectly through MS layers. In case of direct
connection, a non conductive epoxy can ensure the deformation transfer, otherwise a
conductive epoxy is needed. In the case of non conductive epoxy and direct connexion
to the piezoelectric, losses through MS layers are avoided. In some cases, the direct
contact to the PE layer is not easy and can cause a robustness problem for the converter.
Table 2.8 presents a comparison of different epoxy materials that can be used to bond
the MS layers to the PE layer. Taking into account compared epoxy materials, Epoxy
resin L20 and Duralco 4460 present the epoxy materials that ensures a compromise
between the rigidity of the material as well a good viscosity, that allows an easy
deposition of the material between the MS and the PE layers. Another possibility
to ensure a better conductivity in the case of measuring the output through the MS
layers is to improve the conductivity of the used epoxy. This can be realized by using
MWCNTs materials [55], due to its good conductivity performance.

CHAPTER 3
State of the art of electromagnetic, magnetoelectric and hybrid
converters
This chapter presents a review for the main existing vibration energy harvesting
solutions on the state of the art based on EM, ME principles and hybrid vibration
converters combining two principles. Figure 3.1 presents an overview of the different
architectures that are used for the EM, ME and hybrid converters based on the state of
the art. In fact, some of the architectures are developed for only one of the principles
like the case of using mechanical spring, which is devoted more for the EM converters.
Moreover, the use of pendulum architecture is more devoted to the hybrid converters.
The cantilever and magnetic spring architectures are commonly used for the single EM,
ME and as well few hybrid solutions.
In this work, we are interested to evaluate the converters designed for vertical
excitation source, where experimental investigations are performed. In order to compare
the converters, evaluation of their energy density relative to the applied vibration source
properties is realized. For some converters, where energy density is not mentioned,
estimation of its value relative to the given data through the studied papers is done.
For that, some of the values are presented with ’*’, which are estimated from the
provided dimensions by authors.
Vibration converters for low frequencies and amplitude vibration source
Electromagnetic converter Magnetoelectric converter Hybrid converters
Mechanical spring Magnetic spring Cantilever Pendulum
Figure 3.1: Possible architectures for EM, ME and hybrid vibration converters.
3.1 Electromagnetic vibration converters
The working principle of the EM converters is based on the Faraday’s law, where a
voltage is generated due to the relative movement between the coil and the magnet.
For a relevant energy output, the presence of magnetic field variation is required, which
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is in this case by the using the magnets. The main challenges for the design of EM
converters are the constraints to ensure higher magnetic field variation passing through
the coil while using magnets within a limited size [56].
Based on the state of the art, EM converters are developed using different archi-
tectures. In this section, classification of the converters is relative to the mechanical
design, which involves based cantilever converters, mechanical spring based converters
and magnetic spring based converters. The converters are evaluated relative to the
output power, the size and the applied vibration.
3.1.1 Cantilever based converters
Beeby et al. developed a miniaturized harvester with a volume of 0.15 cm3 [57]. The
device utilizes classical cantilever beam, where bulk magnetic materials and large coil
winding density are placed at its end in order to generate a useful level of output
power (Figure 3.2(a)). The converter was optimized to work for low vibration level
devoted to real applications. The converter is able to deliver 46 𝜇W for a coil resistance
of 4 k𝛺 at a resonant frequency of 52 Hz and an acceleration of 0.06 g [57]. Main
characteristic for this converter is the low applied acceleration. Figure 3.2(b) presents
an improved converter based on [57] realized by the same group. In order to increase
the magnets velocity, the inertial mass has been moved closer to the clamping point
with the magnets leading to the increase of the energy outcome by 13% (58 𝜇W) for
the same volume and under same excitation as [57] with a lower coil resistance equal to
2.3 k𝛺 [58]. These converters are characterized by a typical resonant frequency, where
out of it the output power decreases drastically.
(a) (b)
Figure 3.2: Electromagnetic energy harvester based cantilever beam realized by (a)
Beeby et al., (b) Torah et al., with a frequency tuning [57, 58].
In 2015, Oii et al. proposed an EM based cantilever beam aiming to tune the working
frequency of the system electronically, by switching the electrical damping through
the adjustment of the load resistance (Figure 3.3). This solution enables to tune the
resonant frequency for the system but not to improve the output power because of the
electrical losses. For example, the obtained output power for this converter is 2.623
mW for an excitation frequency of 39 Hz and 0.5 g of acceleration with a coil resistance
of 29.2 𝛺. A tuning of ±15 Hz is possible for the frequency in this case [59].
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Figure 3.3: Electromagnetic energy harvester based cantilever beam realized by Oii et
al. with a frequency tuning [59].
Several researches were carried out related to the cantilever beam, especially, to
optimize this architecture in order to harvest energy from low frequency. For this
purpose, for low frequencies between 1 Hz and 10 Hz, Zorlu et al. developed an
electromagnetic cantilever based vibration converter using the frequency up conversion
method [60]. The principle is to convert the low applied frequency to a high frequency
through the mechanical design. For example, in [60] the system is formed with a
cantilever, where a coil is placed at its free end (Figure 3.4).
Figure 3.4: Electromagnetic energy harvester based cantilever beam using frequency
up conversion realized by Zorlu Zorlu et al. [60].
A magnet is placed on diaphragm made from polystyrene with the presence of barrier
arm at the end of the diaphragm to convert the lower frequency to high frequency for
the system. The tested prototype is able to generate 194 𝜇W/cm3 for a coil resistance
equal to 3.54 𝛺 for an excitation frequency of 10 Hz, which is up-converted to 394 Hz
and 2 mm of displacement.
Using the same method, Halim et al. proposed a similar converter for human handy
motion application. In this case, the conversion is ensured using a non-magnetic ball
placed on the top of the cantilever beam. Due to the presence of external vibration,
the ball will act on a proof mass attached to the magnet ensuring its movement relative
to the coil (Figure 3.5). For an excitation frequency of 5.8 Hz up-converted to 359 Hz
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and an acceleration of 2 g with a coil resistance of 85 𝛺 within the size of 19.2 cm3, a
total power of 103.55 𝜇W is harvested [61].
Figure 3.5: Electromagnetic energy harvester based cantilever beam using frequency
up conversion realized by Halim et al. [61].
3.1.2 Mechanical spring based converters
In this case, mechanical spring based converters use a moving coil or magnet attached
to a mechanical spring and different designs are proposed to improve the converter
properties. Amirtharajah et al. developed a linear converter using mechanical spring
with a moving mass and a coil attached to the mechanical spring and a fixed magnet
placed in the bottom of the housing (Figure 3.6(a)).
This design presents the classical EM linear converter using mechanical spring. 400
𝜇W is harvested for a coil resistance equal to 10 𝛺, an excitation frequency of 2 Hz
and a vibration amplitude of 2 cm within the size of 23.5 cm3 [62]. This corresponds
to 0.06 𝜇W/cm3. The main advantage of this converter is its challenging size, but in
term of power density, the output is limited to the level of micro-watts. As well, the
applied amplitude displacement is too high relative to ambient vibration sources.
(a) (b)
Figure 3.6: Electromagnetic energy harvester using mechanical spring with: (a) moving
coil and (b) moving magnet [62, 63].
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In 2007, Cheng et al. used Lumped Element Modeling method (LEM) to analyze
the system behavior of magnetic energy harvesters. This method enables to develop
an equivalent circuit model of the magnetic energy harvester. The designed converter
is formed with a moving magnet with 13 mm of diameter and 19 mm of length
placed between two mechanical springs and surrounded with a coil of 400 turns and a
resistance of 16.8 𝛺 (Figure 3.6(b)). An output power of 12.5 mW is achieved at 68 Hz
of excitation frequency and 1 g of acceleration [63].
Halim et. al employed the frequency-up conversion method to develop a converter
using mechanical spring, to harvest energy from low frequency excitation like hand
shaking vibration. The converter is designed using a free ball moving (non-magnetic)
within a cylindrical structure, which hits periodically two magnets attached to two
mechanical springs fixed to the two ends of the converter housing (Figure 3.7).
Figure 3.7: Electromagnetic energy harvester using mechanical spring with free ball
moving [61].
A power output of 2.15 mW is achieved for an excitation frequency of 5.17 Hz and
an acceleration of 2 g within the size of 6.15* cm3 using a coil with 400 turns and
a resistance of 25.2 𝛺 [61]. The main limitation of using a moving magnet is, that
the converter cannot be implemented within a metallic environment. Further, the
mechanical spring solution leads to a resonant system, where the working frequency
range is very narrow.
In [64], another architecture, called the Free Impact EH motion (FIEH) is developed.
In this work, a comparison between the FIEH and the Conventional EH (CEH) is
investigated. The CEH architecture comprises a magnet oscillating between two
mechanical spring and surrounded with a coil as shown in figure 3.8.
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Figure 3.8: Electromagnetic converter developed by Haroun et al. based CEH architec-
ture [64].
The main difference between the two architectures is that for the FIEH (Figure
3.9(a)), the magnet is able to move freely relatively to the coil and it is not attached
to a spring like in CEH (Figure 3.9(b)). In this case, the magnet movement depends
directly on the applied excitation to the converter and not to the used mechanical
spring stiffness, which enables a free movement that allows to a higher magnetic field
change through the surrounding coil.
(a) (b)
Figure 3.9: Electromagnetic converter developed by Haroun et al., (a) FIEH, (b)
prototype for the CEH [64].
An experiment is carried out only to compare the two architectures (CEH and FIEH)
without the design optimization of the converter. Results prove that the output power
can be improved 5 to 10 times using FIEH technique due to the free mass movement,
which leads to the increase of the magnet displacement. The realized prototype for
the FIEH is able to generate 350 mW under an excitation frequency of 10 Hz and 10
mm of amplitude with a coil of 88 turns and 1.19 𝛺 of resistance [64]. The presented
converters are characterized by a resonant frequency, where a maximum output is
reached. This type of converters can be used only for a specific application, where the
existing vibration is characterized by a typical known frequency value.
In [4], an electromagnetic converter based mechanical spring is proposed. It consists
of using a moving coil relative to fixed magnets due to the applied excitation (Figure
3.10). The main advantage of this solution, it is that the converter can be implemented
in metallic environment due to the use of fixed magnets and a non-magnetic spring to
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ensure the coil movement within a metallic environment. Also, the proposed design
overcomes the limitation of moving coil, which consists on the movement of the coil
wires, which affects the reliability of the converter. The converter is devoted to be
implemented in automobile applications, where magnetic environments are frequently
present. The main limitation of this converter is that it can work for a defined resonant
frequency and its frequency bandwidth is narrow. The converter generates an induced
voltage of 0.58 V for a resonant frequency 30 Hz and an amplitude displacement of 1
mm.
Figure 3.10: Electromagnetic converter developed by Bradai et. al [4].
3.1.3 Magnetic spring based converters
Converters based on magnetic springs are used due to the nonlinearity that can be
ensured, which enables to enhance the working frequency range of the converter. In
this context, Mann et al developed a converter using three magnets (two fixed magnets
and one moving in between). To improve its working frequency range, a multi-outer
magnets are added surrounding the moving magnet (Figure 3.11(a)). Foisal et al.
realized two VEH composed of four generators. Each generator is similar to Mann et
al. architecture (one moving magnet between two fixed magnets). The first converter
A is formed with four generators placed side by side and for the second converter B,
generators are placed one above the other with a Teflon block as spacer in between
(Figure 3.11(b)). The two models are tested under the same applied vibration with an
acceleration of 0.5 g and a frequency between 7 Hz and 10 Hz. A power output of 0.02
mW/cm3 and 0.05 mW/cm3 are reached for the converters A and B, respectively [65].
With similar architecture, Bradai et al realized an EM converter [66]. The concept
uses two stacked ring magnets moving relatively to two fixed ones due to the repulsive
force in between (Figure 3.12(a)). A fixed coil is placed in the surrounding of the
moving magnets. This architecture enables to get higher magnetic flux density level
through the coil compared to the architecture presented in figure 3.11(a). The converter
is able to generate 0.8 mW for low amplitude vibration limited to 1 mm, a resonant
frequency of 26 Hz and a load resistance of 35 𝛺 for 80 cm3 of volume [66].
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(a) (b)
Figure 3.11: Electromagnetic converter based on magnetic spring developed by (a)
Mann et al. (2010), (b) Foisal et al. (2012) (architecture B) [65, 67].
Compared to previous presented developed converters, Rubes et al. came up with a
different device design based cantilever beam vibration using magnetic spring principle.
The first prototype was developed in 2012. it consists out of a fixed magnet attached to
a beam oscillating between the magnetic circuit. The device was optimized in 2014 with
the improvement of the mass and size of the first one (Figure 3.12(b)). Two magnets in
repulsive direction are placed in the moving part and designed to be sensitive to small
vibration. This part is related to a fixed frame in which a flat coil is placed surrounded
by a magnetic circuit. The converter has a volume of 99 cm3 and is able to reach 127
mW for 120 𝛺 coil resistance [68]. For the applied vibration, authors mention that it
was a high-level excitation since the aim was to test the converter limitations, which is
in reality not reachable with the existing real vibration sources.
(a) (b)
Figure 3.12: Electromagnetic converter based on magnetic spring developed by (a)
Bradai et al. (2014) and (b) Rubes et al. (2015) [66, 68].
3.1.4 Commercially available electromagnetic converters
Perpetuum at UK offers the PMG37 electromagnetic vibration converter dedicated
for rail way applications, process monitoring applications, and industrial environment.
The converter is working at resonant frequency of 22 Hz and has a bandwidth of 10 Hz.
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It can produce a variable energy outcomes between 1 mW to 90 mW for an applied
acceleration between 0.25 g and 1 g within the size of 135 cm3 [69]. It is able to work in
hazardous environments and able to operate under a temperature between -40 °C and
85 °C. The cost is 510 euro for the converter and 1700 euro for the converter module.
Another commercially available converter is provided by Ferro Solutions company. It
is the VEH 460, which generates about 0.3 mW and 5.2 mW for an applied acceleration
of 0.025 g and 0.1 g, respectively. For a resonant frequency of 60 Hz, a bandwidth of
3.3 Hz is ensured and the converter is characterized by a load resistance equal to 5 kΩ.
The converter has a volume of 170 cm3 [70] and a weight of 430 g. The cost is defined
as 360 euro for the converter and 1080 euro for the module.
Lumedyne Technologies proposes a converter with high power level of 17 W for 1 kg
of weight and 1 g of acceleration. Customized solutions are offered and no more details
about the working frequency and the acceleration, under which the converter is able to
harvest this amount of energy [71].
Rotational electromagnetic commercial vibration converters are also developed by
Kinetron company. They are more designed for converting mechanical motions to
rotational one to harvest energy. Converters have a volume between 1 cm3 and 20 cm3
and able to harvest 10 mW to 10 W. The company mentions that the converters are
able to generate this level of energy at continuous rotation and the energy depends
on the system movement, where the converter is implemented. No information about
the working frequency, the applied acceleration or the load resistance are specified [72].
Table 3.1 presents a summary of the commercially available electromagnetic vibration
converter.
Table 3.1: Commercially available electromagnetic converter [69, 71, 72].
Company Power output (mW) Size (cm3) Price (AC)
Perpetuum 1 - 90 135 510
Ferro Solutions 0.3 - 5.2 170 360
Lumedyne
Technologies
17000 1000 customized solution
Kinetron 10 - 10000 20 customized solution
3.2 Magnetoelectric vibration converters
The working principle of ME converters uses two main effects: The Joule effect and
the piezoelectric effect [73]. In fact, the converter comprises a ME transducer, formed
basically with MS layers and PE layers. Due to the presence of an external vibration, a
magnetic field change occurs using magnets. Based on Joule effect, this magnetic field
change affects the MS layers, which generates a magnetostriction. PE layers receive
this strain as a stress and due to the piezoelectric effect, an energy output is generated.
The main challenges for the design of the ME converters are: The used ME converter
can be designed using different architectures, which vary relative to the number of used
MS and PE layers, the adhesion method, the size, the modes and the materials for
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PE layers and MS layers. Further, an optimal design of the converter for a maximum
magnetic field change through the MS layers is crucial to ensure a relevant energy
output. In the following, developed ME vibration converters on the state of the art are
summarized and are classified relatively to the mechanical design architecture, which
are the cantilever and the magnetic spring based converters.
3.2.1 Cantilever based converters
Dai et al. investigated different ME converters based on cantilever architecture. A first
prototype is developed with a cantilever, where at its end a magnetic circuit composed
by four magnets surrounded with a magnetic yoke is fixed (Figure 3.13(a)). In this case,
the ME transducer is placed in the gap of the MC and it is realized with one PE layer
stacked between two MS layers (Terfenol-D). For a total size of 23* cm3, the prototype
generates 1.055 mW of power output at 51 Hz of frequency and 1 g of acceleration [49].
Having the same architecture, a similar ME prototype to [49] is developed by Zhang
et al.. The main difference is the change of the geometry of the fixing plate attaching
the MC to the cantilever, which is in this case composed of two rigid plates. Also,
the MC (Figure 3.13(b)) contains eight NdFeB permanent magnets with different
polarizations in order to increase the magnetic flux density through the air gap, where
the ME transducer is placed. The converter produces an energy outcome of 1.9 mW
for an acceleration of 1 g and a resonant frequency of 30.6 Hz within a total volume of
14.2* cm3 [74].
(a) (b)
Figure 3.13: Magnetoelectric converter based on cantilever beam, (a) a single ME
transducer developed by Dai et al., (b) a single ME transducer developed by Zhang et al.
[49, 74].
In [74], the same MC proposed is used and four ME transducers are implemented
in the MC air gap instead of only one as in [75] to increase the energy density for
the converter. In this work, four prototypes are realized and compared based on the
different number of used ME transducers. For the first prototype, only one transducer
is used. For the second and third converters, two ME transducers are placed in the
MC air gap with different positions placement. Finally, a fourth prototype using four
transducers is implemented (Figure 3.14).
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Figure 3.14: Magnetoelectric converter based on cantilever beam using multi ME
transducers developed by Dai et al. [75].
As outcome from prototype 1, 2, 3 and 4, a power output of 1.44 mW, 4.07 mW,
3.95 mW and 7.13 mW can be harvested for an acceleration and frequency excitation
of 1 g and 26.2 Hz, 1.5 g and 37 Hz, 2 g and 29.4 Hz, 2.5 g and 34.8 Hz, respectively.
The total volume of the converter is 14* cm3.
Another type of a ME vibration converter was developed by Qiu et al. without the
use of MS layers [76]. The MC is similar to the previous presented in [75]. The ME
transducer is formed with two permanent magnets, two triangular-tooth aluminum
clamps and one PE layer (Figure 3.15). The mechanical vibration is transmitted
through the aluminum clamps, which are applying to a mechanical stress on the PE
layer and therefore energy is generated. The converter harvests 0.39 mW as power
output at 38 Hz and 0.6 g of acceleration within a total estimated volume of 80* cm3.
This corresponds to a limited power density level equal to 0.004* mW/cm2.
Figure 3.15: Magnetoelectric converter based on cantilever beam using magnets/
piezoelectric transducer by Qiu et al.[76].
The developed converters are mainly working for a resonant frequency, which varies
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relatively to the used cantilever properties. In this context, Bai et al. proposed a new
geometry for the cantilever different from the standard one. It uses a spiral-shaped
cantilever, where the magnets defining the MC are placed as tip mass (Figure 3.16).
Results prove that different peaks of maximum power can be reached for different
frequencies in the range of 15 Hz to 70 Hz. The maximum reached power outputs are
118.3 𝜇W, 25.1 𝜇W, 80.5 𝜇W, 40.5 𝜇W and 6.21 𝜇W for 20.7 Hz, 26.1 Hz, 32.3 Hz,
42.2 Hz and 63.7 Hz, respectively [77]. The converter has the ability to harvest for a
frequency bandwidth due to the used cantilever architecture, nevertheless its power
output still limited to the level of micro-watts. Also, the implementation of such a
converter is not easy due to its geometry.
Figure 3.16: A magnetoelectric converter based on spiral cantilever beam using mag-
nets/piezoelectric transducer cantilever by Bai et al. [77].
A challenging aspect for based cantilever vibration converters is the tuning of the
working frequency. The presented cantilever based converters are characterized by a
resonant frequency and the energy output decreases out of the resonant frequency. In
this context, a solution for the cantilever based converter is the rotary system, which
allows to enhance the working frequency range. For this purpose, Li et al. fabricated a
passive self-tuning vibration converter.
The converter contains one ME transducer placed in a cylindrical ring magnet, which
is attached at the end of the bracket screwed to the harvester (Figure 3.17(a)). A
repulsive magnetic force and a change in the magnetic field are created due to the
presence of a second magnet placed at the free end of the cantilever beam. An energy
outcome of 68.8 𝜇W under an acceleration of 0.2 g and a resonant frequency of 25.4
Hz is achieved [78]. The frequency range, in this case, can reach up to 4.4 Hz. The
limitation of resonant frequency is overcame but it is still limited. The converter was
improved by the same group in 2013 in order to improve the frequency bandwidth
(Figure 3.17(b)).
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(a) (b)
Figure 3.17: A magnetoelectric converter with tunable resonant frequency developed
by Li et al. using (a) single ME transducer (b) double ME transducer [78, 79].
The new model contains two ME transducers, which are placed at the end of two
cantilevers symmetrically relative to the moving cantilever beam . In this case, the
proof mass is changed to a magnet in order to affect the second added ME transducer.
While oscillating, an energy output is generated through both transducers at different
frequencies due to their different positions. A power output of 517 𝜇W can be achieved
for a rotation frequency of 9.8 Hz, with an improved half-power frequency bandwidth,
which is up to 13.5 Hz [79] instead of 4.4 Hz in the case of the converter presented
in figure 3.17(a). Yang et al. realized a rotary converter formed with an elastic rod,
a ME transducer similar to [49] and a MC formed with cylindrical magnets (Figure
3.18). The advantage of the developed system is its ability to harvest energy along
both directions y and z. The prototype is tested for different excitation angles and ME
transducer dimensions.
Figure 3.18: Two dimensional magnetoelectric converter realized by Yang et al. [80].
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Figure 3.19: Rotary magnetoelectric converter realized by Dai et al. [81].
For −90°, −45°, 0°, 45° and 90° excitation angles at 0.6 g of acceleration, a 0.6 mW,
0.49 mW, 0.33 mW, 0.5 mW and 0.56 mW are obtained as power output, respectively,
with a ME transducer size of 12 × 3 × 2.8 mm3 [80]. Further, results show that
doubling the ME transducer width from 3 mm to 6 mm, only 0.2 mW can be reached
as maximum output power. However, in this case, the frequency bandwidth of the
converter is improved due to the increase of the nonlinear factor induced by increasing
the ME transducer size. To improve the broadband of ME vibration converters, Dai et.
al presented in 2016, a different concept based on a rotary pendulum (Figure 3.19).
The converter is made with one ME transducer and a rotary pendulum built of two
symmetric parts attached by a bearing and a shaft. On each mass, three permanent
magnets are placed forming the MC with a concentrated magnetic flux through the air
gap. An output power of 0.97 mW is achieved for an acceleration of 0.5 g at a resonant
frequency of 14.8 Hz and a bandwidth of 3.2 Hz with a total volume of 17.34 cm3 [81].
The converter architecture is complex and cannot be used in real applications and
presents a lot of weakness in term of reliability, but it has the advantage of generating
relevant energy level in different directions.
3.2.2 Magnetic spring based converters
Only few developments are realized for ME vibration converter based on magnetic
spring. In 2012, Zhu et al. designed a ME vibration converter formed with one moving
ring magnet between two fixed magnets. Through the air gap of the moving ring
magnet, a ME transducer is placed (Figure 3.20). A maximum output power of 1.1
mW is achieved for an applied excitation frequency of 10 Hz and 1 g of acceleration for
a converter size of 65* cm3 [82]. The converter generates a relevant power output but
the converter size is big, which leads to power density level of 0.01 mW/cm3.
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Figure 3.20: Magnetoelectric converter based on magnetic spring developed by Zhu et
al. (2012) using single ME transducer [82].
In 2014, Naifar et al. proposed a ME vibration converter based on magnetic spring.
The architecture contains two magnetic springs and two ME transducers placed on the
air gap of the MC, which is formed with two rectangular magnets. The poles of the
thin magnets are placed in such a way that the upper ones are levitated as presented
in figure 3.21. In order to improve the working frequency range of the converter, the
MC is attached to the moving part, which is ensured by the magnetic spring. This
enables to enhance the working frequency range compared to the based cantilever
converters. The predicted generated power is 30 𝜇W at a resonant frequency of 29 Hz
for an excitation amplitude of 1 mm [83].
Figure 3.21: Magnetoelectric converter based on magnetic spring developed by Naifar
et al. (2014) using double ME transducer [83].
3.3 Hybrid vibration converters
Realization of hybrid converters presents an alternative solution to enhance vibration
converter performances in terms of energy density and working frequency range. For
this purpose, different hybrid converters are developed, which are classified, relatively
to the combined energy harvesting principles. Based on the state of the art, three main
types are developed.
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The PE/EM vibration converters, which are developed based on the cantilever
architecture or the pendulum. In the case of the cantilever architecture, the EM
principle is replacing the added mass used normally for the cantilever based converters.
Several investigations are presented in the state of the art in this context for the
optimization of the EM architecture on the PE cantilever converter aiming mainly to
improve the working frequency range for the converter compared to a single linear EM
cantilever based converter.
The second type of developed hybrid converters is the EM/ME converter. The main
advantage, in this case, is that both principles generate energy due to the presence of
magnetic field variation. Few recent researches are developed using this hybrid type
and are based on the cantilever architecture. Another type of the hybrid converters
is the MS/inductive converters. Due to the Villari, MS layers once strained generate
a change on the magnetization. This will be passing through a coil, which generates
energy based on Faraday’s Law.
3.3.1 Piezoelectric-electromagnetic converter
The combination of the EM and PE principles is introduced aiming to improve two
main aspects. The first one aims to reduce the piezoelectric resonant frequency, which
is relatively high. For that, the EM principle is introduced using the magnet as a tip
mass to the cantilever beam. The second aspect is to enlarge the frequency bandwidth
for the converter. The classic design to combine the PE principle to the EM is the
use of cantilever beam and a magnet attached at its tip end (Figure 3.22(a)). This
concept was tested in [84] and the converter is characterized by a resonant frequency
equal to 23.3 Hz and it generates 2.26 mW for an applied acceleration of 0.4 g and a
coil resistance equal to 1.5 𝛺.
In [85], a modification of the magnets design compared to [84] is investigated. For
this converter, a two poles magnets configuration is used as proof mass for the cantilever
beam (Figure 3.22(b)). 0.127* mW/cm3 is reached from the hybrid system for an
applied excitation of 49 Hz and 1 g. Presented converters have the focus to reduce
the working resonant frequency for the piezoelectric system. In order to widen the
working frequency, other architectures are developed. As example, Shan et al. realized
a converter based cantilever beam, where at its end a complete EM converter using a
magnetic spring formed with three magnets and one coil is fixed (Figure 3.23(a)). This
system is working for two typical resonant frequencies 9 Hz and 16 Hz for which it can
generate 8.46 mW and 19.9 mW, respectively, with an applied acceleration of 0.5 g [86].
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(a) (b)
Figure 3.22: Resonant combined piezoelectric-electromagnetic converter based cantilever
beam realized by (a) Xia et al., (b) Fauzi et al. [84, 85].
Yang et al. conducted a comparative study between three cantilever based structures,
which differ in the design of the EM part placed at the free end of the beam [87].
The best structure uses two magnets placed symmetrically on the double sides of the
cantilever end and a PCB coils placed vertically (Figure 3.23(b)). The generator is
able to harvest 0.79 mW/cm3 at 310 Hz.
(a) (b)
Figure 3.23: Bandwidth combined piezoelectric-electromagnetic converter based can-
tilever beam realized by (a) Shan et al., (b) Yang et al. [86, 87].
A similar structure to [87] is investigated by Sang et al., in 2012, in which four
different prototypes with different EM structure are compared [88]. The implemented
solution uses a cuboid permanent magnet placed at the free end of the beam and two
series coils are assigned beside both poles of the permanent magnet (Figure 3.24).
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Figure 3.24: Bandwidth combined piezoelectric-electromagnetic converter based can-
tilever beam realized by Sang. et al. [88].
Authors argue that a high power to volume ratio is ensured by this structure. This
harvester generates a power output of 10.7 mW at 50 Hz excitation frequency and
0.4 g acceleration within a volume of 25 cm3. Authors reported that in this case, the
performance of the EM generator is enhanced by 81.4 percent comparing to a simple
EM generator, which is able to generate only 5.9 mW under same conditions.
Based on the cantilever beam, Xu et al. developed a system with the difference
that an opposing magnet to the moving magnet (tip mass) is used (Figure 3.25).
This will lead to increase the nonlinearity of the converter. It is proved that, this
nonlinearity enables to improve the frequency bandwidth by 60 percent compared to a
linear optimized single PE or EM converter. The optimal output power of 1.63 mW is
reached for a load resistance of 56 k𝛺, 740 𝛺 for the piezoelectric beam and the coil,
respectively, for an acceleration of 1 g and a resonant frequency of 45 Hz [89].
Figure 3.25: Bandwidth combined piezoelectric-electromagnetic converter based can-
tilever beam realized by Xu. et al. [89].
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Tadesse et al. proposed a different generator to the other proposed based cantilever
beam structure by the implementation of multi PE layers along the beam (Figure 3.26).
The target was to improve the working frequency bandwidth for the converter. An
example for the energy outcome, the harvester produced from the PE and the EM
converters, 0.25 mW and 0.25 W, respectively, for a resonant frequency of 20 Hz and
35 g of acceleration within the size of 93.75* cm3.
Figure 3.26: Combined PE-EM using multiple PE layers realized by Tadesse et al. [90].
In this case, the converter is able to generate energy up to 100 Hz of excitation
frequency [90]. This architecture enables to realize a converter with a large working
frequency range.
All previous presented examples employ the cantilever beam structure. Other
architectures are performed for the combination of EM and PE principles such as the
use of rotary system, which was developed by Larkin et al. [91]. The system is mainly
composed of two parts: One fixed cylinder in which multi flat coils are placed, a moving
rotary parts in which multi cantilever beam, where the PE layers and the magnets,
are attached as shown in figure 3.27(a). The total volume of the generator is equal to
1144* cm3. The generated RMS output powers from the EM and the PE principles are
equal to 120 mW and 4.23 mW for an excitation frequency of 5 Hz and 20.2 Hz and an
acceleration of 0.8 g and 0.4 g, respectively.
Another different architecture for an EM-PE combination is developed in 2014 by
Ibrahim et al. in which a spiral piezoelectric with a magnet attached to its center
is used (Figure 3.27(b)). Due to the spiral shape of the piezoelectric, receiving an
external excitation, a deflection for the piezoelectric will occur. Hence, the magnet is
moving in the center and a voltage will be created through the coil placed surrounding
the magnet. The system is able to harvest 52 𝜇W at 21 Hz as excitation frequency
and 0.3 g for the acceleration within the volume of 1.66 cm3 [26].
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(a) (b)
Figure 3.27: Rotary combined PE-EM converter developed by Larkin et al. [91] (a),
use of spiral piezoelectric for the converter by Ibrahim et al. (b) [26].
In [92], a comparison between a linear and a nonlinear EM-PE converter output
is studied, and it is proved that nonlinear system ensures higher output power. This
is due to the decrease of the equivalent stiffness of the harvester, which leads to two
main effects. First, it is the decrease of the resonant frequency (Figure 3.28). Also,
the magnet displacement increases, which will increase the applied stress to the PE
as well the increase of magnetic flux density passing through the coil. The designed
converter uses three magnets, where one is oscillating between two fixed others. The
moving magnet is used as a mass supported by two clamped beams.
Figure 3.28: Nonlinear piezoelectric-electromagnetic converter based cantilever beam
developed by Li et al. [92].
The proposed converter generates 0.44 mW for an optimal load resistance equal to
140 k𝛺 and 15.5 𝛺 for the PE and the EM, respectively for a resonant frequency of
113.5 Hz [92]. Another hybrid EM-PE architecture is proposed in [93], employing a
pendulum principle. In fact, a piezoelectric beam is attached to the pendulum and a
magnet is placed at the tip of the cantilever in repulsive direction to the magnet placed
in the base, as shown in figure 3.29.
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Figure 3.29: Nonlinear piezoelectric-electromagnetic converter based pendulum devel-
oped by Karami et al. [93].
This leads to introduce the nonlinearity to the system. In this case, the output of the
converter is generated through the piezoelectric due to the beam deflection. To ensure
the EM principle, coils are fixed in the surrounding of the magnet placed at the tip of
the beam and due to the pendulum movement, a magnetic field change occurs through
the coil, which leads to induce a voltage output of the EM principle. The work proposed
a unified method to model a linear, softly nonlinear and bi-stable nonlinear vibration
converter, which is based on the perturbation method and numerical integration for low
and large amplitude vibration, respectively. No experimental results were presented for
the converter’s output.
3.3.2 Magnetoelectric-electromagnetic converter
Qiu et al. developed a first prototype, in 2015, for a combined EM/ME converter based
on cantilever beam structure [94]. The device comprises one ME transducer formed
with two MS layers and one PE layer bonded in between, placed at the free end of the
cantilever surrounded with a coil. A MC, formed with four rectangular magnets, is
settled on the surrounding of the ME transducer (Figure 3.30). The device is tested by
changing different parameters like the coil and the ME transducer size. The optimal
output power for the converter is reached at a resonant frequency of 25.7 Hz. It has a
level of 40.84 mW of RMS power at 0.75 g of acceleration for 750 coil windings within
a total volume of 80* cm3.
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Figure 3.30: Combined magnetoelectric-electromagnetic converter based cantilever
beam realized by Qiu et al. [94].
No quantitative comparison to a simple EM or ME device is investigated, but authors
confirmed a great enhancement of the energy outcome compared to simple devices.
The main limitation for this converter is that to tune the resonant working frequency
is possible for this converter by only changing the cantilever size, material or the added
mass like the coil characteristics, or the ME transducer. The life time of the converter
depends on the cantilever, and once the cantilever is damaged, the converter is not
working, which is one of the limitation.
3.3.3 Magnetostrictive-inductive converter
Marin et al. [17] developed a hybrid vibration converter based on MS and inductive
principles within the size of AA battery (14.5 mm of length and 50.5 mm of diameter)
devoted especially for railways, trucks, bridges, and ships applications, where the
working frequency is less than 20 Hz. To ensure the EM principle, the converter is
formed with a cylindrical tube in which a moving magnet surrounded with a copper
coil is moving due to the presence of an external vibration source (Figure 3.31).
Figure 3.31: Combined magnetostrictive-inductive converter realized by Marin et al.
[17].
The MS principle is ensured by placing a MS rods on the bottom and top of the
cylindrical tube surrounded with a coil from which energy is harvested based on the
Villari effect, which consists of magnetization change for the MS rods once strained.
An output power from the inductive principle in the range of 5.3 mW, 2.57 mW and
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0.27 mW at 0.9 g, 0.7 g and 0.4 g and for a resonant frequency of 12.5 Hz, 11.5 Hz and
10 Hz, respectively, can be harvested. For the MS principle, only ∼ 0.0055 𝜇W can
be achieved at 14 Hz. The output of the MS principle is very limited and results are
shown only at resonant frequency of 14 Hz. Nevertheless, the size of the converter is
challenging.
3.4 Quantitative comparison of state of the art
This section aims to sum up the presented existing prototypes in literature with a
quantitative comparison of the energy density relatively to the frequency and accelera-
tion of the applied excitation. For that, different characteristic graphs comparing the
EM, ME and hybrid converters are presented. Figure 3.32 presents a comparison of
the converters power density relatively to the working frequency. The energy density is
calculated with consideration of the active and passive parts of the system. As it is
shown for a frequency range between 5 Hz and 60 Hz, the maximum reached power
density is in the level of 0.5 mW/cm3. Only one converter has a power density output
of 2.5 mW/cm3. It is the hybrid converter realized by Tadesse et al. based cantilever
beam using multiple piezoelectric. In this case, the converter is subjected to high
acceleration equal to 35 g, which is not realistic. In this context, only converters with
an excitation frequency up to 50 Hz, and where the applied acceleration is limited up
to 2 g, are considered. Figure 3.33 presents the comparison of the converters relatively
to the applied frequency, the acceleration and the energy density of the system.
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Figure 3.32: Comparison of the state of the art converters relative to the excitation
frequency and energy density.
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b The size of circle presents the energy density level
The energy density level is highlighted by the circle size and it is varying from
a minimum value of 0.001 mW/cm3 to a maximum reached energy density of 0.51
mW/cm3. As it is shown, hybrid systems are characterized by an acceleration less
than 1 g. A maximum energy density of 0.51 mW/cm3 is reached for the converter
realized by Dai et al., which consists of ME harvester based cantilever beam. The
system is subjected to an excitation frequency of 35 Hz and an acceleration of 2 g. In
case we limit the acceleration to 1 g, which is noted as maximum value for a common
real available vibration for a frequency of 25.7 Hz, Qiu et al. reached the same level
of energy density of 0.29 mW/cm3 with a hybrid converter using the cantilever beam
architecture and ME and EM as principles.
To conclude, table 3.2 presents the relevant converters highlighted in figure 3.33
in details including the used principles and architectures. If we consider both the
applied acceleration level and the output power density level, hybrid systems present
a promising solution to improve the performance of VEH in terms of energy density,
working frequency and life time. Nevertheless, until today, only few solutions were
developed based on a hybrid converter except for the case of combining PE and EM
principles, which are not showing a good energy density level.
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Table 3.2: Compared EM, ME, hybrid converters for an acceleration and frequency
limited to 2 g and 50 Hz, respectively.
Ref Type Architecture Frequency
(Hz)
Acceleration
(g)
Power density
(mW/cm3)
Qiu et al.
2015 [94] Hyb EM/ME 25.7 0.75 0.29
Dai et al.
2011 [75] ME Cantilever 34.8 2 0.51
Halim et al.
2015 [61] EM
Frequency-up
conversion 5.17 2 0.35
Marin et al.
2013 [17] Hyb EM/MS 12.5 0.9 0.18
Zorlu et al.
2011 [60] EM
Frequency-up
conversion 10 0.4 0.18
Sang et al.
2012 [88] Hyb Piezo/EM 50 0.4 0.43
Zhang et al.
2012 [74] ME Cantilever 30.6 1 0.13
In fact, electromagnetic converters have a limited output voltage, especially within a
limited size. For the magnetoelectric converters, a high output voltage can be reached
within a compact system. Nevertheless, piezoelectric materials are characterized by
high internal impedance, which limits the power output of the converter to micro-watts.
A combination between both principles enable to overcome such limitations. We can
conclude that better performance for the vibration converters is reached for the use of
hybrid systems based on EM and ME principles. The main advantage of combining
both principles is due to the ability of both of them to harvest energy due to a magnetic
field variation (Figure 3.34). This offers the possibility to have a compact converter,
where EM and ME principles are combined.
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Figure 3.34: Overview of a hybrid EM/ME vibration converter.
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3.5 Architecture for a hybrid converter
Based on the state of the art, the design of ME and EM converters can be realized
using different architectures, which can be summarized in the use of mechanical or
magnetic spring, cantilever beam.
Some of the architectures can be used for both principles; which consist of the
magnetic spring architecture and the cantilever beam architecture. For the use of
cantilever beam architecture, the characteristic resonant frequency for the cantilever is
defined by Eq 3.1:
𝑓𝑛 =
𝑘𝑛
2𝜋𝐿2
√︂
𝐸𝐼
𝑚
(3.1)
Where 𝑓𝑛, 𝑘𝑛, 𝐿, 𝐸, 𝐼 and 𝑚 are the 𝑛𝑡ℎ mode resonant frequency, 𝑛𝑡ℎ mode eigenvalue,
length of the cantilever, modulus of elasticity, area moment of inertia and mass per
unit length for the cantilever beam, respectively.
Equation 3.1 shows that the resonant frequency of the converter in this case depends
on the used shape and size of the beam, which is inversely proportional to the cantilever
length. For that, system based cantilever beam operates typically at higher frequencies.
In order to reduce the resonant frequency for the system based cantilever beam, length
of the cantilever beam should be increased. This leads to the increase of the converter
size and the beam will be subjected to high deflection and can be easily broken. Hence,
converter life time is limited. For that, the cantilever beam architecture should be
avoided.
In contrast, the system based magnetic spring, its typical resonant frequency can be
adjusted by the selection of material and the size for the magnets. In this case, the
spring stiffness is relative to the distance between the magnets, which has a direct effect
on the system resonant frequency. It presents the advantage of providing a bandwidth
working frequency due to the nonlinearity of magnetic spring. For these reasons, system
based on magnetic spring architecture is selected for the proposed converter in this
work.
CHAPTER 4
Parametric study and converter design
This chapter deals with the design and optimization of the novel hybrid converter
taking into account the compactness and improvement of the converter output energy
in comparison with single ME and EM converter. Considering the state of the art of
vibration converters, table 4.1 presents the different constraints that are considered
during the design of the converter. Especially, the aim is to have a converter with an
energy density of 0.3 mW/cm3 within a size compared to a battery that can power
wireless sensor node, which is estimated to the size of two AA batteries. This limits
the size to ∼ 17 cm3. The applied amplitude displacement is limited to 1-2 mm and
the frequency range between 10 Hz and 60 Hz, which corresponds to the frequency
range of existing ambient vibrations sources as presented in section 1.2. The cylindrical
geometry is selected for the converter due to its flexibility for implementation.
Table 4.1: Converter parameters constraints
Parameters Value
Aimed converter size 17 cm3
Working frequency range [10 60] Hz
Applied amplitude displacement 1 - 2 mm
Maximum applied acceleration 1 g
Aimed power level 0.3 mW/cm3
In the following, parameters affecting the EM and ME converter output are in-
vestigated and optimized relative to the converter size. Considering the optimized
parameters of each principle, effect of the combination of both principles on each
other is evaluated. At the end, the mechanical design for the novel hybrid converter
is presented. All the results are realized for an applied excitation up to 2 mm of
displacement, which is defined as the maximum displacement that can be applied to
the converter.
4.1 Electromagnetic principle
This section is devoted to the investigation of the EM converter. Different parameters
should be taken into account as presented in figure 4.1. In this work, the EM converter
is modeled with a magnetic spring architecture with one moving magnet relative to
a fixed one. For magnetic spring architecture, the air gap distance between the two
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magnets ensuring the functionality of the converter should be considered. This affects
directly, the relative movement between the magnet and the coil. Due to the compact
size of the converter, both the magnets and the coil sizes are limited. Therefore, a
good optimization for the coil-magnet coupling is important for a maximum energy
output through the coil. Further, environmental parameters should be considered in
this case. In particular, the environment, where the EM converter is placed can affect
its functionality and its behavior, which will be studied in the following. As well, all
parameters are studied also relative to the limited applied vibration source, which
affects directly the output of the converter. Since, it depends on the displacement of
the moving mass taking into account Faraday’s Law.
Parameters affecting the EM converter
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material
Coil
material
Coil
winding
Magnet
air gap
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Figure 4.1: Parameters affecting the EM converter.
In this part, a generic study is investigated to determine the influence of the different
coil properties on the EM converter behavior. For that, a 2 D axi-symmetric finite
element model presenting a cylindric symmetric EM converter is defined (Figure 4.2).
Magnets are fixed to the size of 4 mm of diameter and 3 mm of height. Coil parameters
like coil length, position, thickness and number of windings are variable. Magnetic flux
density level and induced voltage through the coil are evaluated. The applied excitation
for the moving magnet is defined by harmonic excitation (Eq. 4.1). The main aim of
this part is the optimization of the coil configuration relative to the magnet and the
voltage output is calculated relative to Faraday’s law defined by the equation 4.2:
𝑧(𝑡) = 1[𝑚𝑚]𝑠𝑖𝑛(2𝜋𝑓𝑡) (4.1)
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𝑉𝑐𝑜𝑖𝑙 = −𝑁 𝑑𝛷
𝑑𝑡
(4.2)
Where 𝑓 is the excitation frequency, which is fixed to 25 Hz, 𝑁 and 𝛷 are the number
of coil windings and the magnetic flux through a single loop, respectively.
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Figure 4.2: Defined FEM for the EM converter.
4.1.1 Influence of coil thickness
Effect of the coil thickness ’𝑒’ is studied. The coil length is fixed to 1 mm and the
thickness is varied from 1 to 3 mm of thickness. Results prove that the increase of the
coil thickness leads to the decrease of the induced voltage (Figure 4.3). For example,
for a thickness of 1 mm, the induced voltage decreases from 0.14 V to 0.06 V. This
behavior is created due to the decrease of the coil resistance, which leads to lower
generated voltage through the coil. For that, it is preferable to use a thinner copper
layer coil as much as possible.
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Figure 4.3: Variation of the generated voltage relative to the coil thickness.
4.1.2 Influence of coil length and position
Considering the previous results, selection of thinner coil enables to improve the output
voltage. Nevertheless, this will limit the number of coil windings. Based on Faraday’s
law, the output voltage is proportional to the number of coil windings once the magent
size is fixed. In order to reach a higher number of windings, a long coil leads to a higher
output voltage increase of the converter. To confirm that, a compromise between the
coil length and its thickness is studied relative to a fixed coil windings, which means
coil resistance. The coil resistance is fixed to 10 𝛺 with a coil wire diameter of 0.1 mm
and 300 turns. The coil length ’𝑙’ is varied from 1 mm to 6 mm with a step of 1 mm
and the coil thickness ’𝑒’ is fixed to 3 mm, 1.5 mm, 1 mm, 0.75 mm, 0.6 mm and 0.5
mm, respectively. The thickness is calculated for each case relative to the fixed coil
resistance and number of coil turns. Along z, the coil position is defined by 𝑧𝑐 and it is
varied between 6 mm to 17 mm with a step of 0.5 mm.
As it can be shown in figure 4.4, for a same coil resistance, the increase of the coil
length cannot affect positively the output voltage. Indeed, the lowest voltage is reached
for the longest coil (𝑙 = 6 mm). This is because, the output voltage depends on the
change of magnetic flux density passing through the coil due to the relative movement
with the magnet. This presents a main limitation for the generated voltage from the
electromagnetic converter, in case where the applied displacement is lower than the
half of the magnet size, which is verified under these conditions. Further, the lowest
output voltage is reached for a coil placed out of the moving magnet environment,
which is the case for 𝑧𝑐= 6 mm. This behavior is explained by the absence of magnetic
flux lines passing through the coil surface as shown in figure 4.4.
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Figure 4.4: Variation of the generated voltage relative to the coil length.
Furthermore, the generated voltage through the coil decreases drastically after
reaching a maximum output. This position, defines the position, where the coil is
affected by both magnet’s poles, which causes the cancellation effect for the magnetic
flux lines. This limitation is also due to the limited displacement of the magnet. As
conclusion, the increase of coil length leads to an increase of the output voltage. Despite
this fact, such results cannot be taken as statement especially in the case of a limited
relative displacement between the magnet and the coil.
A compromise between the coil windings, size and magnetic flux density passing
through the coil should be investigated in order to reach an optimal output voltage
through he EM converter. Therefore, in this case, the coil length and position should
be fixed in a way that the coil is affected by only one of the magnet’s pole. In this
case, the coil length ’𝑙’ is fixed to 2 mm, which presents the half size of the moving
magnet and ’𝑧𝑐’ to 11.5 mm.
4.1.3 Influence of housing material
The converters housing material effect on the generated energy through the coil is
studied. For that, three materials for the housing are compared. Three types with
different magnetic properties are evaluated, which are iron, aluminum and air. For
the aluminum and air domain, the generated voltage is almost the same as the air
domain as shown in figure 4.5. The output voltage is equal to 0.2 V and 0.3 V for
iron and aluminum housing, respectively. As it is shown, a highest voltage level is
reached in case of steel material. This is due to the iron material properties that can
strengthen the magnetic field level passing through the coil due to the concentration of
the magnetic field lines within the coil domain (Figure 4.6).
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Figure 4.5: Effect of housing material on the generated voltage.
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Figure 4.6: Magnetic field distribution in: (a) air housing, (b) iron housing.
This can be considered as positive for the generated output, but it can affect negatively
the converter with moving magnet. In this case, the strength of magnetic field can
block the magnet’s movement, which is limited to few millimeters, since the magnet
will be attracted to the housing. This cannot be taken into account in the simulation.
For that, the use of a neutral housing, which cannot affect the generated energy is
better in such scenario in order to maintain the magnet movement. Nevertheless, the
use of magnetic housing is useful when having a moving coil and fixed magnets, which
enables to improve the performance of the converter.
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4.2 Magnetoelectric principle
This section is devoted to the investigation of the parameters affecting the ME principle
output, which are illustrated in figure 4.7. The ME output depends directly on the ME
transducer architecture and modes (which are detailed in chapter 2). Previous studies
dealing with ME vibration converter optimized that, especially the number of MS and
PE layers and polarization effects.
Nevertheless, the output of the ME converter is as well affected mainly by the
magnetic flux density variation level passing through the MS layers. Since, it is one
of the main facts responsible for the applied stress to the PE layer, it affects also the
generated voltage through the ME transducer. In this study, especially, the MC and
the ME transducer’s number, size, geometries, and position relatively to each other are
optimized. Based on chapter 2, the ME transducer architecture is formed with one PE
layer bonded between two MS layers.
Parameters affecting the ME converter
MC geometry ME transducergeometry
PE
material
MS
material
Power density
Volume Voltage ME
MF strength ME voltage coefficient
Figure 4.7: Parameters affecting the combined ME/EM converter.
Only L-T and C-C modes are maintained for the ME transducer mode due to their
performance compared to the other modes [41]. In addition, based on the compared
materials for the ME transducer relative to the magnetoelectric coupling coefficient in
chapter 2, Terfenol-D and PZT-5H are used for the MS and PE layers, respectively.
4.2.1 Finite element model
With respect to the studied parameters, different FEM are developed. As example,
figure 4.8 presents one of the finite element models defining the hybrid converter. In this
model, the MC is defined by cylindrical magnets. In between, the ME transducer formed
by one PE layer bonded between two MS layers is placed. The coil representing the EM
principle affected by the ME transducer is modeled by a ring cylinder placed between
the MC and ME transducer. The magnetic spring is formed using two cylindrical
magnets placed in repulsive direction. In order to reduce the time calculation, an air
domain limiting the complete system is defined. As well, two meshing sizes are used for
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the model. A refined mesh for the domains affecting the results like the magnets, also,
the domains, where the outputs like the magnetic flux density level or the generated
voltage are measured like the MS layers, the PE layer and the coils. For the air domain,
a large meshing is used in order to reduce the time calculation. For the materials
definition within the FEM, NdFeB N45, copper and PZT-5H are chosen from Comsol
Multi-physics software data. For the MS material Terfenol-D, it is not available in the
software data. Based on the provided data sheet from the company [95], the material
properties are defined as presented in table 4.2. Terfenol-D material has a nonlinear
behavior, which is characterized by its HB curve defined through the variation of the
magnetic field relative to the applied magnetic flux density (Figure 4.9). Further, it
is characterized by a high magnetostriction that can reach a saturation level if the
magnetic field is high enough as presented in figure B. In the following, magnetic flux
density passing through the MS layers is optimized relative to the MC and the ME
transducer geometry, position and size.
MSp Magnets
Coil
MC Magnets
Air Domain MS Layers
PZT Layer
Figure 4.8: Finite element for the hybrid converter.
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Table 4.2: Terfenol-D material properties [95].
Characteristic Value Unit
Young’s modulus 25 - 35 GPa
Poisson’s ratio 0.45
Density 7870 kg/m3
Magnetostriction saturation 2200 ppm
Magnetization saturation 15 × 1015 A/m
Curie temperature 380 °C
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Figure 4.9: Defined HB curve in the FEM for Terfenol-D material [95].
4.2.2 Influence of magnetic circuit geometry
In the following, two standardly available geometries can be used for the magnets which
are rectangular and cylindrical, as presented in figure 4.10. The magnetic flux density
along x direction (direction of magnets magnetization) between the two magnets at a
defined x position is calculated.
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Figure 4.10: Compared (a) cylindric, (b) rectangular geometry for the magnetic circuit.
For rectangular geometry, the magnetic flux density 𝐵𝑟𝑒𝑐𝑡 is defined by Eq. 4.3 [96]:
𝐵𝑟𝑒𝑐𝑡 = 𝐵𝑟𝜋
[︂
𝑎𝑟𝑐𝑡𝑎𝑛
(︂
𝑊𝐿
2𝑥1
√
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Where:
𝑥1 =
𝑑
2 + 𝑥 (4.4)
𝑥2 =
𝑑
2 − 𝑥 (4.5)
Where 𝐵𝑟, 𝑇 , 𝑊 , 𝐿 and 𝑥 are the magnet remnant flux density, magnet thickness,
magnet width, magnet length and the position for which the magnetic flux density is
calculated, respectively. For the cylindric geometry, the magnetic flux density 𝐵𝑐𝑦𝑙 can
be expressed by Eq. 4.6 [96]:
𝐵𝑐𝑦𝑙 = 𝐵𝑟2
[︂
𝑥1+𝑇2√
𝑅2+(𝑥1+𝑇2 )2
− 𝑥1−𝑇2√
𝑅2+(𝑥1−𝑇2 )2
+ 𝑥2+
𝑇
2√
𝑅2+(𝑥1+𝑇2 )2
− 𝑥2−𝑇2√
𝑅2+(𝑥1−𝑇2 )2
]︂
(4.6)
Where 𝑅 and 𝑑, are the magnet radius and the distance between the two magnets. The
magnetic flux density is calculated for the two geometries. The size of the magnets is
selected in a way that the same volume is respected for the two geometries in order to
compare the magnetic flux level. In this case, a volume of 0.05 cm3 is selected for one
magnet. This comparison is just relative to a fixed point along the magnetization axis.
Figure 4.11 presents the magnetic flux density level at distance x from the magnets.
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Results show that a highest magnetic flux density level of ∼ 0.3 T is reached using
cylindric magnets. The difference of the magnetic flux density level between the two
geometries is varying between 0.07 T and 0.13 T relative to the magnets position. This
method enables only to evaluate the magnetic flux density through the MS layers at a
fixed point but not through the complete surface.
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0.1
0.15
0.2
0.25
0.3
x in mm
B x
in
T
Cylindric magnet
Rectangular magnet
Figure 4.11: Calculated magnetic flux density at a defined point x for cylindric and
rectangular geometry for the magnets.
Therefore, for a better evaluation and comparison, a finite element model is built,
where the magnetic flux through the MS layers is compared for the two geometries.
The ME transducer is introduced within the magnetic circuit as presented in figure
4.8. The magnets are polarized along x axis. Achieved local magnetic flux density
levels for rectangular and cylindrical geometry are in the range of 0.1 T to 0.9 T,
depending on the MC position relative to the ME transducer as illustrated in figure
4.12(a). In order to compare the geometry effects on the MS layers, variation of local
magnetic flux density is evaluated. Results prove that higher variation is obtained in
the case of cylindric magnets, which reaches up to ± 0.35 T (Figure 4.12(b)). This is
due to the effect of cylindrical shape, which enables to concentrate the magnetic flux
density between the two magnets defining the MC, instead of the rectangular geometry
where the magnetic flux is more concentrated in the magnets poles. In the following,
interest is given to the cylindric geometry of the MC. Three different architectures
for cylindric MC are proposed and then compared. It consists on the use of two discs
magnets surrounding the complete ME transducer (Figure 4.13(a)), four separated
discs magnets placed in the surrounding of each MS layer (Figure 4.13(b)) and two
magnets stacked one within the other surrounding the ME transducer (Figure 4.13(c)).
The same magnets volume for the MC is maintained for the three cases.
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Figure 4.12: Average (a), variation of magnetic flux density for cylindrical, rectangular
MC geometry through the MS layers (b).
Hence, the magnets size is fixed at 8 mm of diameter and 1 mm of thickness for
the use of two discs magnets. For the four discs magnets, the diameter and thickness
are fixed at 4 mm and 1 mm, respectively. For the stacked magnets architecture,
8 mm and 4 mm for the outer and inner diameter, respectively, for the outer ring
magnet and 4 mm of diameter for the inner magnets with a thickness of 1 mm are
selected [97]. A maximum magnetic flux density through the MS layers is reached
using the two discs magnets and the two stacked magnets architectures. The obtained
magnetic flux density is up to 0.9 T (Figure 4.14(a)). For the use of four discs magnets,
results prove that it leads to the decrease of the magnetic flux density to ∼ 0.5 T as
maximum (Figure 4.14(b)) compared to the use of two discs magnets. This is because
of the limited magnets size. Using two magnets stacked one within the other, the same
behavior is reached as in the case of two discs magnets with relatively higher magnetic
flux density level (Figure 4.14(c)).
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Figure 4.13: Magnetic circuit magnets geometries: (a) two discs magnets, (b) four discs
magnets, (c) stacked magnets.
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Figure 4.14: Magnetic flux density through the MS layers using (a) two discs magnets,
(b) four discs magnets, (c) two stacked magnets for the magnetic circuit geometry.
More interesting is the evaluation of the magnetic flux density variation through the
MS layers, which has more effect on the magnetostriction level through the MS layers.
Magnetic flux density average level for different architectures is presented in (Figure
4.15(a)). Using four discs magnets, the magnetic flux density variation is limited and
reaches at maximum 0.12 T. This is because of the limited surface of the magnets, which
leads to a low level and variation for the local magnetic flux density. Higher variation
of magnetic flux density is achieved in the case of stacked and discs magnets (Figure
4.15(b)). Maximum magnetic flux density variation of 0.31 T is reached using stacked
magnets, which is relatively higher than the use of discs magnets. This proves the role
of the center magnet to concentrate the magnetic flux lines passing through the MS
layers. This leads to have a better direction for the magnetic flux density lines passing
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through the ME transducer in this case. Hence it ensures higher magnetostriction
along the MS layers, which leads to a higher output voltage compared to the use of
four discs magnets or two discs magnets. Based on that, in the following, the used
MC is formed with two stacked magnets and the other parameters affecting the ME
principle output are investigated.
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Figure 4.15: Average (a), variation of magnetic flux density through the MS layers for
one cylindric magnet, four discs magnets and two stacked magnets geometry for the MC
(b).
4.2.3 Influence of magnetic circuit magnetization
Influence of the magnet’s magnetization forming the MC is studied. MC magnets are
placed in repulsive and attractive direction to evaluate the magnetization direction
effect on the magnetic flux level and its variation through the MS layers (Figure
4.16(a)). The magnets movement is limited to 1 mm for the magnetic flux density
variation measurement. Results show that in the case of repulsive direction, magnetic
flux density average through the two MS layers is limited to a maximum of 0.3 T, which
reaches 0.6 T as maximum in the case of having magnets placed in attraction. As well
for the magnetic flux density variation, it reaches 0.08 T as maximum in the case of
attractive magnets, which is ∼ 30 percent higher than the case of repulsive magnets
(Figure 4.16(b)). For better understanding, figure 4.17 presents the magnetic field
strength lines distribution through the MS layers in the case of attractive and repulsive
magnets position. This depicts that in the repulsive case, magnetic flux density lines
distribution is not homogeneous through the complete surface of the MS layers (Figure
4.17(a)).
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Figure 4.16: Average (a), variation of magnetic flux density through the MS layers for
attractive and repulsive magnetization for the MC magnets (b).
For the case of attraction, a continuous magnetic flux density through the MS layers
surface is ensured, which leads to a better magnetic flux density distribution through
the surface as well as a higher magnetic flux density level (Figure 4.17(b)). We conclude
that the use of two stacked magnets placed in an attraction position for the magnetic
circuit enables to enhance the magnetic flux variation through the MS layers.
(a) (b)
Figure 4.17: Magnetic flux density lines in the case of magnets placed in (a) repulsion,
(b) attraction.
4.2.4 Influence of magnetoelectric transducer geometry
Within the next simulations, the MC is fixed to the selected architecture on section 4.2.2,
which uses the two stacked magnets placed in attraction. Three different geometries for
the ME transducer are compared, which are cylindrical, rectangular and ring geometries
as presented in figure 4.18.
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(a) (b) (c)
Figure 4.18: Comparison of ME transducer geometry: (a) rectangular transducer, (b)
cylindrical transducer, (c) ring transducer.
Results show that maximum magnetic flux density levels of 0.6 T, 0.83 T, 1 T are
reached for cylindrical, rectangular and ring transducers, respectively. Where, for
magnetic flux density variation, 0.2 T, 0.3 T and 0.4 T are reached using cylindrical,
rectangular and ring geometry for the ME transducer, respectively. That means a 30
percent higher level for the magnetic flux density along x direction (direction of MS
layers magnetization) is reached for rectangular geometry compared to the cylindrical
transducer as shown in figure 4.19(a).
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Figure 4.19: Average (a), variation of magnetic flux density for cylindrical, rectangular
and ring transducer geometry through the magnetostrictive layers (b).
Using ring geometry enables to reach the highest level of magnetic flux density,
which is due to the ability of this geometry to capture better the magnetic field vortex.
Behind the variation level of magnetic flux density, its distribution along the MS layers
surface is also important.
In fact, it has a direct effect on the distribution of the applied stress to the PE
layer, hence on the generated voltage. Figure 4.20(a) shows that in the case of ring
transducer, the distribution of magnetic flux density is not homogeneous through the
MS layer surface. For the rectangular geometry, a homogeneous distribution through
the complete surface is ensured. This will enable a homogeneous applied stress on the
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PE layer. We can conclude that the use of rectangular transducer geometry will enable
a compromise between the magnetic flux density variation level and its homogeneous
distribution, which will ensure a better stress distribution through the PE layer, hence
a better energy outcome (Figure 4.20(b)).
(a) (b)
Figure 4.20: Magnetic flux density distribution through the MS layers for (a) ring, (b)
rectangular, ME transducer.
4.2.5 Influence of magnetoelectric transducer position
Within the previous results, the ME transducer position relative to the MC is optimized.
For that, ME transducer is placed at a fixed position defined at (0, 0, 0) along (x, y, z).
The MC position is defined by 𝑧𝑎 and is varied along z direction between -5 mm and
+5 mm with a step of 0.25 mm (Figure 4.21).
A maximum magnetic flux density average of 0.84 T through the two MS layers is
reached (Figure 4.22(a)). In order to determine the best MC position, the variation
of the magnetic flux density through both MS layers is evaluated in the following. In
fact, the transmitted stress to the PE layer should be ensured through both MS layers
within a similar level to enable a homogeneous distribution through the PE layer and
a maximum output voltage. The variation of magnetic flux density is calculated for an
applied displacement of 2 mm. It can be seen from figure 4.22(b), that the magnetic
flux density average variation is up to 0.3 T.
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Figure 4.21: ME transducer position relative to the magnetic circuit.
Nevertheless, results have shown that different maximum values relative to the MS
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layer and the MC position are reached. The optimal initial positions for the MC are
for which, a maximum magnetic flux density variation is reached for both MS layers at
the same time. This will lead to a homogeneous applied stress to the piezoelectric layer
placed between the two MS layers from top and bottom. Therefore, the two positions
that can be used as the optimal initial positions to place the MC are -2.5 mm and 4.5
mm along z direction.
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Figure 4.22: Magnetic flux density through the MS layers (a), magnetic flux density
average and variation through the MS layers (b).
4.2.6 Influence of magnetoelectric transducer size
The size of the ME transducer is studied since it has a direct effect on the ME voltage
coefficient defined by the Eq 4.7:
𝑑𝑉
𝑑𝐻3
= 𝑛(1− 𝑛)𝑡𝑐𝑑33,𝑚𝑑31,𝑝
𝜀33[𝑛𝑠𝐸11(1− 𝑘231) + (1− 𝑛)𝑠𝐻33]
(4.7)
Where 𝑛, 𝑡𝑐, 𝑑33,𝑚, 𝑑31,𝑝, 𝜀33, 𝑘31,𝑝, 𝑠𝐸11 and 𝑠𝐻33 are the thickness ratio for the transducer,
total transducer thickness, the piezomagnetic constant, the piezoelectric coefficient,
the permittivity tensor, the electromechanical coupling factor, the ratio of elastic
compliances of the MS layer and the piezoelectric layer, respectively. The thickness
ratio 𝑛 is defined by Eq 4.8:
𝑛 = 2𝑡𝑚𝑠
𝑡𝑐
(4.8)
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𝑡𝑐 = 2𝑡𝑚𝑠 + 𝑡𝑝 (4.9)
Where 𝑡𝑐, 𝑡𝑚𝑠 and 𝑡𝑝 are the ME transducer, the MS and PE layer thickness, respectively.
For the longitudinal aspect ratio between the piezoelectric layer and MS layers, higher
magnetostriction area should be ensured for higher strain transmission to the PE layer.
Therefore, a greater energy output is achieved for a longitudinal aspect ratio close to 1.
For this purpose, MS and PE layers are fixed at 6 mm and 7 mm of length, respectively.
The 1 mm difference is added to the PE layer since it is needed to connect the wires
through the PE layer to evaluate the output. For the transversal aspect ratio, a
maximum surface contact should be ensured [98]. This enables to reduce the clamping
effect and to establish higher strain through the contact surface between the PE and
the MS layers. Further, it leads to a better energy output through the PE layer.
Therefore, in this work, the width of PE and MS layers is fixed to 4 mm in order to
guarantee a maximum bonded area between the two layers. Considering the length
and width of the PE and MS layers, the thickness ratio effect is studied. For that, the
MS layers thickness 𝑡𝑚𝑠 is fixed to 1 mm and the PE layer thickness 𝑡𝑝 is varied from
0.4 mm to 1.6 mm, to study its effect. Simulation results prove that a better magnetic
field level is reached for a thickness ratio equal to 0.625, which corresponds to a PE
layer thickness of 1.2 mm (Figure 4.23(b)). Physically, the increase of the thickness
ratio by increasing the PE layer relative to the MS layers or inversely leads to the
decrease of the applied stress on the PE layer. Hence, the ME coefficient is decreased,
and a low output voltage is generated.
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Figure 4.23: ME transducer geometry (a), magnetic field level through the MS layers
relative to the thickness ratio (b).
The results are validated through the calculated optimal fraction ratio 𝑛 defined by
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Eq. 4.10 [99], where the optimal PE thickness for the transducer is equal to 1.2 mm
for using a MS layers with a thickness of 1 mm:
𝑛𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
1
1 +
√
𝛼
where 𝛼 = (1− 𝑘231𝑝)
𝑠𝐸11
𝑠𝐻33
(4.10)
Where 𝑘31𝑝, 𝑠𝐻33 and 𝑠𝐸11 are the electromechanical coupling factor and the ratio of elastic
compliances of the PE and MS layers, respectively. Along these facts, simulation results
of both ME transducer and MC optimization, prove that a maximum magnetic field
variation is reached for a MC formed with two stacked magnets, which are placed at
-2.5 mm along z axis. Further, for the ME transducer, a rectangular geometry is used,
which is formed of two MS layers and one PE layer, The selected MS layers and PE
layer are characterized with the size of 4 mm of width. The thickness and the length
are fixed to 6 mm, 7 mm, and 1 mm, 1.2 mm for the MS and PE layers, respectively.
4.2.7 Influence of multi-transducer use
In this section, the effect of using multiple transducers on the converter output is
evaluated. For that, we define a new FEM in which two ME transducers are used
(T1 and T2). Previous investigations discussed in 4.24(a), confirm that, the converter
energy output decreases along the transversal direction [100].
In this context, both transducers of the proposed model are placed along the
longitudinal direction (x direction) as presented in figure 4.24(a). In order to maintain
the same converter size compared to the case of a single ME transducer, the two ME
transducers have the size of 3 mm, 4 mm, and 1 mm of length, width, and thickness,
respectively.
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Figure 4.24: FEM model for the converter using double transducer (a), magnetic flux
density average through the MS layers for a single and double transducer use (b).
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As results, magnetic flux density level is calculated and compared to single and
double transducers (Figure 4.24(b)). A magnetic flux density level of 1.1 T is reached
using single transducer. For the double transducer use, the magnetic flux density is
limited to 0.4 T as a maximum through the MS layers. The drastically decrease in the
case of double transducer compared to the single transducer within the same volume
through the MS layers has two main reasons.
First, in the case of two ME transducers use, each transducer is mainly, affected by
only one magnet from the MC due to the limited size of the converter. This is because
of the distance and air gap distance separating each transducer from the MC magnets.
This can be proved by the evaluation and comparison of the magnetic flux density level
for one ME transducer with the size of 3 x 4 x 3 mm3 placed in the middle of the MC
with a large air gap distance (Figure 4.25(a)) and one ME transducer with the same
size with a limited air gap (Figure 4.25(b)).
Results prove that the magnetic flux density level decreases using a large air gap
distance compared to the use of a limited air gap distance for the same ME transducer
size (Figure 4.25(c)). Further, the magnetic flux density level decreases drastically
because of the limited surface through which the magnetic field lines passed. In order
to confirm that, a comparison of the magnetic flux density level using two different
ME transducer sizes with a limited air gap distance is conducted.
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Figure 4.25: Comparison of ME transducer with the size of 4 x 3 x 3 mm3: (a) large
MC air gap distance, (b) limited MC air gap distance, (c) magnetic flux density average
through the MS layers.
The two compared ME transducers have the size of 3 x 4 x 3 mm3 (Figure 4.26(a))
and 6 x 4 x 3 mm3 (Figure 4.26(b)), respectively. Results show that for a same
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MC, magnetic flux density level decreases, while using a smaller transducer (Figure
4.26(c)). As conclusion, the magnetic flux density remains limited in case of using
double transducer. However, the output voltage can be increased in this case, while
having two outputs.
Therefore, in the following, the converter output voltage from the ME transducer for
single and double transducers is determined. The output voltage is calculated relative
to the defined Eq. 2.21 in chapter 2, the ME voltage coefficient 𝛼𝑣 is estimated to 78
mV/Oe based in [49]. The output voltage is calculated for an initial position 𝑧𝑐 equal
to -2.5 mm, which presents the optimal position for the MC.
In order to decide using a single or double ME transducers, it is important to evaluate
the converter in terms of voltage output and power output relative to the load resistance.
Especially, in the case where piezoelectric material is used, due to its high resistance,
which can lead to low output in term of power even if a high voltage level is reached.
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Figure 4.26: Comparison of single transducer with the size of (a) 3 x 4 x 3 mm3, (b) 6
x 4 x 3 mm3, (c) magnetic flux density through the MS layers using single transducer
with two different size with a limited air gap.
Figure 4.27(a) and 4.27(b) show the magnetic flux density and the output voltage
relative to time using single and double transducers, respectively. A maximum of ∼
0.08 T and 0.11 T for the magnetic flux density variation is reached using double
and single transducer, respectively. Results show that the reached voltage from the
converter using double transducer is at its maximum of 60 V, which is less than the
generated voltage using a single transducer, which can reach up to 80 V as maximum
output.
The generated output power relative to the load resistance from the single and double
transducers use is calculated taking into account that the output is measured directly
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on the PE layer. This means that the capacitance is calculated based on Eq. 2.26. The
output power using a single transducer reaches 0.2 mW, which is limited to 0.14 mW
as shown in figure 4.28, while using double transducer.
The low output power is obtained in case of double transducers use, because of the
limited size of the transducer, hence the small surface of the piezoelectric generating
the output voltage. Further, it is because of the low level of the generated magnetic
flux density through the MC that can affect the MS layers. Therefore, using a single
transducer enables higher energy outputs for the ME converter compared to a double
transducers use considering the same volume.
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Figure 4.27: Magnetic flux density average of the two transducers (a), generated voltage
through the two traducers (b), for a 1 mm magnet’s displacement.
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Figure 4.28: Output power using single and double transducer.
4.3 Combination of magnetoelectric and electromagnetic
4.3.1 Effect on the electromagnetic behavior
The EM principle is presented in the converter using two coils. A first coil is placed
surrounding the moving magnet (defining the magnetic spring). The second coil is
placed between the magnetic circuit magnets and surrounding the ME transducer. In
the following, influence of the ME and EM principles combination on the EM behavior
is studied. A comparison of the magnetic flux density level and the voltage output
through the coil placed between the MC with and without the presence of the ME
transducer is outlined. As it is shown in figure 4.29, the voltage output through the coil
increases from 300 mV to 360 mV pk-pk in the case of single and hybrid EM converter,
respectively.
This improvement is due to the fact that once the MS layers are strained, a mag-
netization change occurs through the MS layers based on the inverse effect. Hence,
the surrounding coil receives as well this magnetic field change. Based on Faraday’s
law, the induced voltage through the coil is proportional to the magnetic field passing
through it. Therefore, the induced voltage through the coil for the hybrid EM/ME
converter is greater than in the single EM converter.
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Figure 4.29: Generated voltage through the coil for a single EM converter and combined
EM/ME converter.
4.3.2 Effect on the magnetoelectric behavior
In this section, influence of the combined system on the ME behavior is studied.
Magnetic flux density through the MS layers and their output are evaluated for a
single ME and hybrid system. The magnetic flux density is calculated for a 1 mm of
displacement. The maximum reached magnetic flux density level is equal to 0.32 T and
0.39 T for a single ME converter and hybrid converter, respectively (Figure 4.30(a)).
This has a direct effect on the output voltage, which shows an increase by 20 percent
in the case of hybrid converter compared to a single ME converter (Figure 4.30(b)).
This enhancement is due to the presence of an added magnetic field generated through
the surrounding coil, which will lead to higher magnetostriction through the MS layers
based on the direct ME effect, hence the improvement of the voltage output through
the piezoelectric layer.
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Figure 4.30: Magnetic flux density for a single ME converter and combined EM/ME
converter through the MS layers (a), generated voltage through the single ME converter
and the combined EM/ME converter (b).
4.4 Output power of the hybrid converter
Energy output of the hybrid system is compared to a single electromagnetic vibration
converter. For the ME converter, comparison between the output power in the case
of conductive and non conducive bonding method for the PE layer between the MS
layers is presented in figure 4.31(b). Results show that the output power achieves 0.53
mW and 0.34 mW using a conductive and non conductive adhesion method. Table 4.3
presents the different parameters necessary to calculate the output voltage of the ME
converter in this case.
Table 4.3: Electromechanical and magnetoelectric parameters for Terfenol-D and PZT-
5H material [43].
𝑑33,𝑚 (Wb/N) 𝑑31,𝑚 (Wb/N) 𝑠𝐻11 (m2/N) 𝑠𝐻33 (m2/N) 𝑘33
1.2 x 10−8 -5.8 x 10−9 125 x 10−12 40 x 10−12 0.7
𝑑33,𝑝 (pC/N) 𝑑31,𝑝 (pC/N) 𝑠𝐸11 (m2/N) 𝑠𝐸33 (m2/N) 𝑘33
600 -310 14.8 x 10−12 16.7 x 10−12 0.65
For the proposed hybrid converter, a maximum total output power of 0.53 mW, 1.2
mW and 0.83 mW can be reached from the ME, the single coil affected by the moving
magnetic spring and the coil surrounding the ME transducer, respectively (Figure
4.31(a), 4.31(b), 4.32).
From the estimated output power, we can conclude that hybrid systems enable to
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improve the performance of a single EM converter as well as the ME converter. The
compared converter has the same volume as the proposed hybrid converter. Indeed, it
is built out of two cylindrical magnets placed in repulsive direction, where the moving
magnet is surrounded by a copper coil.
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Figure 4.31: Output power of: (a) the coil surrounding the ME transducer, (b) the
ME transducer for the proposed hybrid converter.
Figure 4.33 presents the energy outcome for a single electromagnetic converter within
the same volume as the proposed hybrid converter. An energy outcome of 1.7 mW is
achieved from a single EM converter.
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Figure 4.32: Output power of the coil affected by the magnetic spring.
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Figure 4.33: Output power of an EM converter with the same volume of the proposed
hybrid converter.
4.5 Converter design
Considering the parametric study, this section is devoted to propose the design of the
novel hybrid converter. The mechanical behavior of the converter design depends in
some parameters as well, like the moving mass, which is a part of the specification of
the resonant frequency of the converter. The air gap distance between the magnets
defining the magnetic spring should be considered, to ensure that the magnet has
enough space to move freely relative to the coil.
4.5.1 Equation of motion for the proposed converter
The converter is modeled as a mass-spring-damping system receiving an external
excitation. This will enable to determine the distance between the magnetic spring
magnets, magnetic circuit magnets and other parameters. Figure 4.34 presents the
model, where 𝑚, 𝑐𝑚, 𝐾, 𝑥(𝑡) and 𝑦(𝑡) are the moving system mass, the damping
coefficient, the spring stiffness coefficient, the displacement of the moving mass and
the applied excitation of the system, respectively.
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Figure 4.34: Vibration energy harvesting model as mass-spring system.
With respect to the second Newton’s Law, the system is modeled by Eq 4.11:
𝑚?¨?+ 𝐹𝑐 + 𝐹𝑚𝑠 = 0 (4.11)
Where 𝑚, 𝐹𝑐 and 𝐹𝑚𝑠 present the mass of the moving part, the damping force and the
magnetic force of the magnetic spring, respectively. In the following, we define z the
relative displacement of the moving mass to the system by:
𝑥 = 𝑦 − 𝑧 (4.12)
In this work, the magnetic spring force is nonlinear and can be modeled by a polynomial
with fifth degree (Eq 4.13):
𝐹𝑚𝑠(𝑧) = 𝑘5𝑧5 + 𝑘4𝑧4 + 𝑘3𝑧3 + 𝑘2𝑧2 + 𝑘1𝑧 (4.13)
Where 𝑘1, 𝑘2, 𝑘3, 𝑘4 and 𝑘5 are determined in the next section 4.5.2. Taking into
account that, equation 4.11 can be rewritten:
𝑧 + 𝑐𝑚
𝑚
?˙? + 𝑘1
𝑚
𝑧 + 1
𝑚
(𝑘2𝑧2 + 𝑘3𝑧3 + 𝑘4𝑧4 + 𝑘5𝑧5) = −𝑦 (4.14)
𝑤ℎ𝑒𝑟𝑒 : 𝑦(𝑡) = 𝐴× sin(𝛺𝑡) (4.15)
Based on Lindstedt-Poincare method [101], the first approximate solution for equation
4.14 can be written as follows:
𝑧(𝑡) = 𝛽𝑐𝑜𝑠(𝛺𝑡) + 𝑘2𝛽
2 + 𝑘4𝛽4
6𝑚𝜔20
𝑐𝑜𝑠(2𝛺𝑡) + 4𝑘3𝛽
3 + 5𝑘5𝛽5
128𝑚𝜔20
𝑐𝑜𝑠(3𝛺𝑡)
+ 𝑘4𝛽
4
120𝑚𝜔20
𝑐𝑜𝑠(4𝛺𝑡) + 𝑘5𝛽
5
380𝑚𝜔20
𝑐𝑜𝑠(5𝛺𝑡)
(4.16)
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As initial conditions, we have: z(t=0) = 0. This leads to have:
𝛽 + 𝑘2𝛽
2 + 𝑘4𝛽4
6𝑚𝜔20
+ 4𝑘3𝛽
3 + 5𝑘5𝛽5
128𝑚𝜔20
+ 𝑘4𝛽
4
120𝑚𝜔20
+ 𝑘5𝛽
5
380𝑚𝜔20
= 0 (4.17)
Equation 4.17 presents a polynomial with a fifth order, that can be written as following:
𝑝1𝛽
5 + 𝑝2𝛽4 + 𝑝3𝛽3 + 𝑝4𝛽2 + 𝛽 = 0 (4.18)
Where:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
𝑝1 = 𝑘5( 1380𝑚𝜔20 +
5
128𝑚𝜔20
)
𝑝2 = 𝑘4( 1120𝑚𝜔20 +
1
6𝑚𝜔20
)
𝑝3 = 𝑘3 4128𝑚𝜔20
𝑝4 = 𝑘2 16𝑚𝜔20
To conclude, the mechanical system behavior depends principally, on the stiffness
coefficients of the magnetic force, the moving mass and the applied displacement. This
makes the selection of these parameters decisive for the optimal working range for the
converter in term of frequency. In order to characterize the converter, magnetic force
for the magnetic spring and the resonant frequency are estimated.
4.5.2 Determination of the resonant frequency
The resonant frequency for a mass spring system is defined by:
𝑓0 =
𝜔0
2𝜋 =
1
2𝜋
√︃
𝑘(𝑧)𝑔
𝐹 (𝑧) (4.19)
Where 𝑘(𝑧), 𝐹𝑚𝑠(𝑧) and 𝑔 are the magnetic spring stiffness, magnetic force and
gravitational acceleration, respectively. In order to calculate the resonant frequency for
the converter, 𝑘 is calculated relative to the variation of the magnetic force represented
in figure 4.35(a) through the equation 4.20.
𝑘 = 𝑑𝐹
𝑑𝑧
(4.20)
Magnetic force for the magnetic spring is determined by FEM. Figure 4.35(a) presents
the variation the magnetic force relative to the distance separating the magnets defining
the magnetic spring. The used magnets for the magnetic spring have a diameter of 4
mm and a length of 9 mm.
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Figure 4.35: Magnetic force behavior relative to the air gap distance (a), stiffness
variation relative to the air gap distance (b).
The magnetic force is fitted to the 5𝑡ℎ degree polynomial and is expressed by Eq.
4.13, where k1 = -4.357 N/mm, k2 = 1.421 N/mm2, k3 = -0.2189 N/mm3, k4 = 0.01562
N/mm4 and k5 = -0.000416 N/mm5. The distance between the two magnets defining
the magnetic spring is fixed at 11 mm, where the magnetic force is almost zero and the
resonant frequency is calculated. Figure 4.35(b) presents the variation of the stiffness
relative to the air gap distance between the magnets. The resonant frequency of above
fixed system is 23.8 Hz.
The resonant frequency is calculated and it is f0 = 23.83 Hz. Determination of the
relative displacement for the moving mass is calculated and presented in the case of an
applied excitation expressed by Eq 4.21:
𝑦(𝑡) = 𝑠𝑖𝑛(2𝜋𝑓0𝑡) (4.21)
Where the total applied displacement is fixed to 1 mm and at the resonant frequency.
As we can see in figure 4.36, the magnet movement is different to the applied excitation
and shows a nonlinearity behavior.
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Figure 4.36: Displacement of the system at resonant frequency.
4.5.3 Magnetic spring effect on the converter
This section is devoted to determine the position for the magnetic circuit and magnetic
spring relative to the ME transducer in a way that the ME transducer behavior is not
affected. For that, its effect on the magnetic flux density through the MS layers is
studied. The magnetic circuit is placed at its maximum position at 4.5 mm along z
axis, where magnetic flux density through the upper MS layer is then evaluated.
In fact, this defined position is critical for which the magnetic spring can significantly
affects the ME transducer behavior. The distance between the magnetic spring magnet
and the upper MS layer is defined by 𝑧𝑠, which is evaluated in accordance with the
magnetic flux density. Results prove that from a 𝑧𝑠 equal to 4 mm (Figure 4.37(b))
the magnet’s magnetic spring has no more effect on the magnetic flux density passing
through the ME transducer, hence the converter behavior.
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Figure 4.37: Schematic for the MSp position relative to the ME transducer (a), magnetic
flux density level through the upper MS layer relative to the magnet’s magnetic spring
position (b).
4.5.4 Novel design for a hybrid electromagnetic-magnetoelectric converter
Taking into account, the presented results, a design for the EM/ME hybrid converter is
proposed in the following. A preliminary design for the converter is proposed. Taking
into account the distance between the two magnets forming the magnetic spring and the
distance between the ME transducer and the fixed magnet, the length of the converter
is determined. For the ME principle implementation, the ME transducer is fixed for
a better reliability. The proposed preliminary design is formed with moving parts
containing the MC and the moving magnet (Figure 4.38).
The total size for the preliminary design is equal to 15 cm3. The converter has a
small challenging size, nevertheless, the prototype shows some weakness especially
for the converter reliability. In fact, the coil and ME transducer are fixed but the
wiring contact to measure the output are in contact with the moving part, which
presents the main defect for the converter. Further, in this case, the converter cannot
be implemented easily, due to the free movement of the moving part, which is not
limited and can lead to the destruction of the converter.
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Figure 4.38: Preliminary design for the hybrid EM/ME converter.
Considering the limitations of the first proposed design, a new converter design is
proposed. Within this design, the reliability and the robustness of the converter is
considered. In this context, the aim is to have the parts through which the energy is
generated stable as much as possible. That means in this case, the coils and the ME
transducer should be fixed in order to avoid that the coil’s wires contacts, break. The
same for the ME transducer, since the contact surface is limited due to the small size
of the transducer.
Considering these two criteria, the coil and the ME transducer are fixed. The
diameter of the converter is defined relative to the coil size and the MC affecting the
ME transducer. Thus, the housing for the total converter is added in order to overcome
the limitation of the first proposed design. The novel converter is composed with
two main parts. A fixed part contains the ME transducer, two coils and the magnet
ensuring the magnetic spring functionality as shown in figure 4.39. The moving part is
composed of a magnet placed in repulsive direction to the fixed one and the magnetic
circuit, which are attached to the moving housing (Figure 4.40).
The total 3D converter design is presented in figure 4.41. Due to an applied vertical
vibration, a change in magnetic field will occur in the surrounding of the two coils,
where the coil C1 is placed between the MC and the ME transducer and coil C2 is
surrounding the moving magnet defining the magnetic spring for the converter. For
the ME principle, due to the movement of the MC, the change of magnetic field will
lead to the deformation of the MS layers. Having the PE layer placed between both
MS layers, it will receive as much stress and energy as it is generated through it. The
total size of the converter is settled to 20 cm3, which is 15% higher than a double AA
battery size.
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Indeed, the main advantage relative to the preliminary design is that the wires
contact through which the output is measured with the moving part is avoided as much
as possible. Further, in this case the implementation of converter is easier due to its
cylindrical shape. For the converter realization, the different converters properties are
illustrated in table 4.4.
Converter housing
Coil (L2) housing
Transducer support
Fixed magnet
ME transducerCoil (L1) housing
Figure 4.39: Detailed view of the converter design of the fixed part.
Magnetic circuit magnets
Moving part housing
Moving magnet
Figure 4.40: Detailed view of the converter design of the moving part.
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Figure 4.41: 3D proposed design for the combined converter.
Table 4.4: Converter parameters for the realization
Parameters Properties
Magnet’s magnetic spring size 4×3 mm2
Magnet’s magnetic circuit size 8×1 mm2
Magnets material NdFeB N42
Coil wire diameter 0.1 mm
Coil 1 size 8.5×5 mm2
Coil 2 size 6.5×4 mm2
Coil material Copper
MS layers size 6×4×1 mm3
MS layers material Terfenol-D
Piezoelectric layer size 7×4×1.2 mm3
Piezoelectric material PZT-5H
Converter volume 20 cm3
4.6 Effects of different parameters on the converter output
Table 4.5 summarizes the different investigated parameters and their effects on the
design of a EM and ME output voltages.
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Table 4.5: Effects of different parameters on the converter output.
Parameter Parameter variation Parameter effect
MSp magnets size ↗ Increase of the converter size, increase of the
resonant frequency of the converter
MSp air gap ↗ Decrease of the converter’s resonant frequency
MC magnets size ↗ Increase of the converter size
MS layer thickness ↗ Decrease of the applied stress on the PE layers
Coil diameter Coil resistance
Coil length ↗ Increase of losses through the coil
Coil windings ↗ Increase of coil resistance
MS material Define the possible magnetostriction level
PE material High magnetoelectric coupling coefficient for better energy output
Coil position
Coil should be affected by only one of the magnets pole
for a maximum output
MC position
Relative to the applied displacement, initial position of the MC
should be fixed that a maximum MF variation through the MS
layers is achieved while moving
MS & PE layer length
A longitudinal aspect ratio close to 1 in order to ensure higher
magnetostriction transmission between
the PE layers and the MS layers.
MS & PE layer width
Higher surface contact should be ensured in order to reduce
the clamping effect, hence higher strain
through the contact surface.

CHAPTER 5
Experimental validation of the hybrid vibration converter
This chapter is devoted to test and evaluate the novel proposed hybrid converter. The
converter is tested in laboratory within the application of harmonic and real vibration
profiles by an electrodynamic shaker. As first, the EM, ME and hybrid converter
outputs are evaluated relative to the applied frequency, acceleration and displacement.
Further, a comparison of the generated output relative to the realized simulations is
presented. To conclude the chapter, the converter performance is compared to the
presented state of the art.
5.1 Experimental setup
The realized prototype is presented in figure 5.1. The proposed converter is tested
and evaluated in the laboratory under different applied vibration values, which are
generated by means of an electrodynamic shaker set. To do so, an experimental setup is
settled, where a laser sensor is used to measure the applied vibration on the converter.
The shaker and laser sensor are powered with two power supplies. The converter output
is then measured via a digital oscilloscope.
In the following, the generated energy is measured in three different steps. Initially,
measurement of the generated voltage through only the EM principle is realized. Then,
the energy output for the ME is measured. At the end, the two outputs are compared
to the generated energy by combining these two principles. The applied vibration is
limited to 1-2 mm of displacement and for frequency up to 30 Hz.
Figure 5.1: Prototype of the novel hybrid EM/ME vibration converter.
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Figure 5.2: Experimental setup.
5.2 Electromagnetic converter
Two energy outputs are measured from the electromagnetic principle, where the two
output voltages are 𝑉1 and 𝑉2, which correspond to the single coil L1 affected by the
moving magnetic circuit and the coil L2 affected by the moving magnetic spring magnet,
respectively. Coils L1 and L2 are realized with 180 and 140 turns and have a resistance
of 13.7 𝛺 and 10.1 𝛺, respectively with a copper wire thickness of 0.1 mm.
The output voltage is measured for an applied excitation with an amplitude displace-
ment of 1 mm and a frequency between 5 Hz and 28 Hz as presented in figure 5.3. As
it is shown, the resonant frequency of the system is around 24 Hz, where the output
voltage reached a maximum level of 0.16 V and 0.18 V peak to peak for the coil L1
and L2, respectively for 1 mm of applied amplitude displacement (Figure 5.3).
As a matter of fact, to demonstrate the stability of the system under different
conditions, it is important also to evaluate the system for different applied accelerations.
Figure 5.4 presents the output voltage of the coil L2 relative to the applied acceleration
for different frequency levels. In this case, the applied acceleration is varied from 0.25
to 1 g with a step of 0.25 g and a frequency between 10 Hz and 20 Hz with a step of 2
Hz. For example, for an applied acceleration of 1 g, the output voltage decreases from
0.12 V to ∼ 0.04 V.
For a fixed acceleration, the output voltage is decreasing when the applied frequency
is increased. This can be explained by the fact that at constant acceleration and in-
creasing frequency, the amplitude displacement will be decreased as it can be expressed
by the Eq. 5.1, which will limit the generated voltage:
𝑧 = 𝑔𝑎2𝜋2𝑓 2 (5.1)
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Where 𝑧, 𝑓 , 𝑎 and 𝑔 are the displacement in mm, frequency in Hz and accelerations in
g. As example, for a fixed acceleration equal to 1 g, the displacement decreases from
4.9 mm to 1.2 mm for an applied frequency equal to 10 Hz and 20 Hz, respectively.
5 10 15 20 25 300
50
100
150
Frequency in Hz
V
1
in
m
V
(a)
10 15 20 25 300
50
100
150
Frequency in Hz
V
2
in
m
V
(b)
Figure 5.3: Output voltage for 1 mm of amplitude displacement and relative to the
applied frequency through the coil (a) L1, (b) L2.
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Figure 5.4: Output voltage through the coil L2 relative to the applied acceleration and
frequency.
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5.3 Magnetoelectric converter
In this section, the ME converter output voltage is evaluated. As mentioned in chapter
2, for the ME transducer realization, the PE layer can be bonded between the two MS
layers relative to different methods. The adhesion between the MS and PE layers can
be realized using a standard glue at room temperature. The output voltage should
be measured directly on the PE layer. This is critical due to the small size of the
transducer and the limited surface, where the wires on the PE layer should be fixed (1
mm).
To overcome this problem, the use of a conductive epoxy material is one of the solution
that can be adapted. Thus, the transducer should be subjected to high temperature,
which leads to the depolarization of the PE material. This affects negatively the
performance of the ME converter. For that, a new adhesion method is tested based on
the use of a non-conductive epoxy material characterized by good mechanical properties
in order to ensure the maximum load transfer between the MS layers and the PE layer.
To measure the output through the MS layers, the non-conductive epoxy is mixed
with the MWCNTs materials, which can ensure a good conductivity within a limited
surface and especially at room temperature. In the proposed adhesion method, for
the wires contact on the MS layers, the silverink is used as it can be applied at room
temperature. The process is detailed in the following section.
5.3.1 Adhesion of the magnetoelectric transducer based MWCNTs material
For the experimental results, two ME transducers are realized by bonding the PE
layer to the MS layers using a mixture of the epoxy L20 with MWCNTs material in
order to ensure the conductivity between the two layers aiming to measure the output
voltage through the MS layers. The epoxy is provided from R&G Faserverbundwerkstoe
composite technology GmbH, Germany, which is a bisphenol A/F resin diluted with
a difunctional butanediol diglycidyl ether. The bisphenol F component reduces the
viscosity, which is helpful for the deposition. Also, it prevents the resin to form crystals
at low temperature. In this case, the output is measured through the PE layer directly.
This resin has a low surface tension and excellent wetting properties, that induce good
filler wetting with fiber materials.
The used MWCNTs are provided from Southwest Nano Technology. No further
chemical treatment or purication are applied on the material. The degree of purity of
the MWCNTs is more than 95 percent, with a diameter ranging from 6 to 9 nm and a
length around 5 µm. Two ME transducers are bonded using the mixture MWCNTS
with the epoxy resin L 20 with different weight percentages for the MWCNTs (1 wt.%
and 2 wt.%). To mix the two materials, at first the MWCNTs are added to epoxy resin
followed by magnetic stirring at 600 rpm at 80 °C of temperature for 2 hours. This
is to reduce the viscosity and enhance the mobility of the MWCNTs in the polymer
matrix (Figure 5.5). Then, the needed amount of hardener is added and mixed at
the same condition for 10 min. At the end, the mixtures are vacuumed for 30 min to
remove bubbles at room temperature.
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Figure 5.5: Preparation process for the mixture of MWCNTs with the epoxy resin L
20.
5.3.2 Magnetoelectric converter under harmonic excitation
Figure 5.6 presents the evaluation of a single ME converter. The converter is tested
under harmonic excitation for 1 mm of applied amplitude and a frequency range
between 14 Hz and 30 Hz. A maximum peak to peak voltage of 2.11 V is reached at
resonant frequency 24 Hz with a working frequency bandwidth of 10 Hz.
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Figure 5.6: Single ME output voltage relative to the applied frequency and displacement
for 2 wt.% of MWCNTs.
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5.4 Generated energy from the hybrid electromagnetic-magnetoelectric
converter
The voltage output of the ME transducer within the hybrid converter is evaluated
relative to different parameters. The effect of the MWCNTs wt.% for 1 wt.% and 1
wt.% is evaluated. Further, the effect of an applied displacement of 1 mm and 2 mm
relative to a frequency range between 14 Hz and 30 Hz is investigated. Finally, the
MC magnets size in term of thickness on the ME converter output is measured.
5.4.1 Influence of the adhesion method
In this section, influence of the wt.% on the ME converter output is investigated. The
ME converter output is measured for an applied displacement of 1 mm and a frequency
range between 14 Hz and 30 Hz as illustrated in figure 5.7. In this experiment, the
epoxy material is mixed with 1 wt.% and 2 wt.% of MWCNTs material. The MWCNTs
percentage is limited to 2 wt.% because of its hardness properties, which makes its
deposition difficult within the limited transducer surface.
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Figure 5.7: Effect of MWCNTs % on the generated voltage through the ME transducer
for 1 mm of applied displacement.
Results show that an average output voltage of 1.45 V and 0.6 V is reached within a
frequency bandwidth of 8 Hz. The maximum output voltage at resonant is equal to 1.1
V and 2.9 V for 1 wt.% and 2 wt.% of MWCNTs, respectively. This corresponds to
an improvement of 2.6 times of the voltage output for 2 wt.% of MWCNTS. This is
explained by the increase of the conductivity between the two layers using higher wt.%
of MWCNTs, which reduces the transmission losses between the MS and the PE layers.
In the following, all measurements are realized using the ME transducer bonded with 2
wt.% of MWCNTs.
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5.4.2 Influence of the MC magnets thickness
The effect of the MC magnets thickness on the ME output voltage for an applied
displacement of 1 mm and a frequency range between 14 Hz and 30 Hz is illustrated in
figure Figure 5.8. Results show that the output voltage reached a maximum of 0.87 V,
2.90 V peak to peak and an average output voltage of 0.43 V and 1.45 V for a magnet
thickness of 1 mm and 2 mm, respectively.
The obtained results are caused by the increase of the magnetic flux density lines
passing through the MS layers while increasing the MC magnets thickness. That means,
with 1 mm of MC thickness, the MS layers didn’t reach the maximum strain, which
is improved, while increasing the MC thickness. Further, as shown in figure 5.8, the
resonant frequency shifted from 24 Hz to 26 Hz for 2 mm and 1 mm of MC magnets
thickness, respectively. This observed decrease of the converter resonant frequency is
a consequence of the added mass to the moving part, since the resonant frequency is
inversely proportional to the moving mass of the system.
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Figure 5.8: ME output voltage for the hybrid converter relative to the MC magnets
thickness.
5.4.3 Influence of the applied amplitude displacement
The output voltage of the ME principle for an applied displacement of 1 mm and 2
mm and a frequency between 14 Hz and 30 Hz is evaluated. The maximum reached
output voltage at a resonant frequency of 24 Hz is equal to 2.9 V and 4.90 V for an
applied displacement of 1 mm and 2 mm, respectively (Figure 5.9).
For an applied displacement of 2 mm, the maximum output voltage average between
21 Hz and 26 Hz is ∼ 4.8 V. Further, results show that the frequency bandwidth
increases in the case of 2 mm of displacement to reach 12 Hz compared to the frequency
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bandwidth for an applied displacement of 1 mm, which is limited to ∼ 8 Hz. This
corresponds to 30 % of improvement for the working frequency bandwidth. These
results prove the impact of the nonlinear effect of the magnetic spring and the ME
transducer on the enhancement of the voltage output as well as the working frequency
bandwidth for the converter, while increasing the applied displacement.
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Figure 5.9: ME output voltage for the hybrid converter relative to the applied frequency
for 1 mm and 2 mm of applied displacement.
5.4.4 Comparison of the hybrid ME and single ME generated voltages
The output voltage of the ME converter while combined with the EM converter is
investigated as illustrated in figure 5.10). The applied displacement is fixed to 1 mm.
For the ME converter, the output voltage, in the case of the hybrid system, increases
from ∼ 2.2 V to ∼ 3 V, which means an enhancement of 26 percent compared to the
use of single ME converter at resonant. This confirms the results presented in chapter
4, in term of comparison between the hybrid EM/ME converter and the single ME
converter output, where the difference of the ME output voltage within the hybrid
EM/ME and the single ME converter is estimated to 20 %.
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Figure 5.10: ME output voltage for the hybrid ME converter relative to the applied
frequency.
5.4.5 Evaluation of the hybrid ME vibration converter under real wideband vibrations
In order to compare and confirm the effect of the EM and ME principles on each
other, output voltage is measured. The two principles are built up in the converter
and compared to the single output voltage. The proposed converter is designed to
work under real vibration profiles, where the applied amplitude displacement and the
excitation frequency are random. In this context, the converter is tested under the
measured vibration profile for the lawn mower as shown in figure 5.11(a).
The measured output voltage for the hybrid c the ME principle is presented in figure
5.11(b). For the applied profile, the maximum amplitude is ∼ 0.5 mm and the average
amplitude is ∼ 0.25 mm. A maximum output voltage of 1.48 V is reached (figure
5.11(b)). As it can be seen between 11 s and 11.5 s, the output voltage is not constant
even if the applied amplitude is the same within the profile. This is explained by the
impact of the corresponding applied frequency, which can be in this case far from the
resonant frequency of the converter. Nevertheless, the converter is able to generate a
valuable output voltage, which proves the ability of the converter to harvest energy for
a frequency range not only to a restricted resonant frequency.
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Figure 5.11: Applied vibration profile from a lawn mower (a), generated voltage through
the ME transducer (b).
5.5 Comparison to the simulation results
In this section, a comparison of the estimated output power obtained during the
simulations and the experimental results is conducted at resonant frequency. Figure
5.12(a) and 5.12(b) present the voltage output and the power output for the coil L2
(the coil presenting the single EM principle) relative to time and to load resistance,
respectively. For the single EM converter (L2), a difference of 12 percent between the
experimental and simulation results is marked. This is explained by the fact that the
applied excitation within the simulated model is considered as harmonic, while the
nonlinear effect is not considered in the simulated model. In this aspect, the parametric
study was only devoted to determine the optimal performance of the EM converter
design.
For the coil L1 (the coil surrounding the ME transducer), an output voltage of 0.3 V
and 0.16 V, which corresponds to 0.8 mW and 0.5 mW is reached for the simulation
and experimental results at resonant frequency, respectively as shown in figure 5.13(a)
and 5.13(b). Two main reasons can explain the obtained results. First, it is the coil
resistance difference, which is equal to 26 𝛺 used in simulation and limited to 13.7 𝛺
for the realized coil. Second, the maximum magnetostriction for the MS layers is not
reached within the experiment, which leads to a less magnetization change occurring
from the MS layers (the inverse effect). Comparison of the experimental and simulation
results for the ME principle output voltage and power is also conducted, where the
electrical ME transducer properties are characterized using an impedance analyzer.
The transducer is modeled as an RLC circuit with a resistance value equal to 205 k𝛺,
a capacitance value of 416 nF and an inductance of 68 𝜇H. As it is shown in figure
5.14(a) and 5.14(b), optimal output power through the ME converter is equal to 0.28
mW and 0.53 mW for the experimental and simulation results, respectively. In this
5.5 Comparison to the simulation results 99
case, the difference between the experimental and simulation results is large. This can
be explained by the fact that within the simulated model, the bonding between the MS
and PE layers is considered as perfect. That means 100 percent of the generated strain
through the MS layers is applied as a stress to the PE layer, which is not the real case.
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Figure 5.12: Comparison of the experimental and simulation results for the EM
converter (L2) (a) output voltage at resonant frequency, (b) power output relative to the
load resistance.
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Figure 5.13: Comparison of the experimental and simulation results for the EM
converter (L1) (a) output voltage at resonant frequency, (b) power output relative to the
load resistance.
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Figure 5.14: Comparison for the ME converter power output (a) experimental, (b)
simulation results.
5.6 Comparison to the state of the art
To conclude this work, the realized converter is compared in terms of power density,
acceleration and working resonant frequency to the state of the art as shown in figure
5.15. As it is shown, the converter has a maximum power density equal to 0.11 mW/cm3
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for a resonant frequency of 24 Hz and an applied acceleration of ∼ 1 g.
Compared to the existing converter working at low frequency and acceleration, the
proposed converter can be considered as a promising solution. Nevertheless, some
of the existing converters have better power density. This is the case for the hybrid
solution proposed by Sang et al, where the converter design uses the cantilever beam
architecture combining EM and PE principles. Its main limitation is the edging of the
PE material because of the direct applied vibration. Further, the authors mentioned
that the working frequency bandwidth is narrow for real applications.
Qiu et al presents a better power density equal to 0.29 mW/cm3, than the proposed
converter in this work. This is mainly because of two main reasons that they used
a large number of coil winding up to 750 turns, which is in this work limited to 180
turns as maximum. Further, the used ME transducer is the double size of the used
ME transducer in this work. Nevertheless, the advantages of the proposed converter
in this work compared to the Qiu et al work is the compactness of the proposed
converter, which is ∼ 10 percent of the Qiu et al converter. As well the converter is
resonant at frequency equal to 25.7 Hz and in this work, the converter has a resonant
frequency equal to 24 Hz with a frequency bandwidth up to 12 Hz. Further, Qiu et al
converter structure is cantilever based structure, which limits its robustness and ease
of implementation.
For the solution proposed by Zorlu et al, the converter uses a single EM converter
using the frequency up conversion method, which enables to improve the converter
efficiency. In this case, the average output voltage is limited to 88.6 mV, which makes
the development of an energy management solution to store the generated energy
difficult as well the implementation of the developed structure is not easy.
Marin et al solution is using EM/MS principles and the magnetic spring architecture,
and has a power density level of 0.18 mW/cm3. In this case, the output is only through
the coil, which is known to have a low output level not sufficient to power a passive
energy management circuit to store the generated energy. Further, the advantage of
the proposed work relative to Marin et al is its reliability due to the presence of three
energy output, which can work independently.
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CHAPTER 6
Conclusion
Vibration is one of the most important sources for energy harvesting due to its good
availability and the relative high energy density it can provide. Nevertheless, harvesting
energy form real ambient vibration sources is challenging due to the low frequency and
the low acceleration level they typically provide in addition to the wide band frequency
band they may have. This dissertation proposes therefore a novel hybrid vibration
converter harvesting energy from real vibration sources by combining electromagnetic
and magnetoelectric principles. The main advantage of this combination of principles
is that both converters can use the same changes of the magnetic field for energy
harvesting. A parametric study is carried out for both the electromagnetic transducer
and magnetoelectric transducer aiming to develop transducers with a high efficiency
and compactness meeting the requirements of vibration sources with low amplitudes
and frequencies.
First, an electromagnetic converter (EM) is designed having a high energy output
within a given converter size. Results of the parametric study show that for an optimal
output power, the size of the coil and its position relative to the magnets are crucial.
In particular, if a moving magnet and a fixed coil are used, it is important to have a
compromise between the coil thickness and its length, especially under a low amplitude
vibration, which is limited to less than the length of the moving magnet. This enables
to ensure a maximum magnetic field passing through the coil. Furthermore, an optimal
output through the electromagnetic converter is achieved, if the coil is flooded by only
one of the magnets poles.
For the magnetoelectric converter, results of the parametric study show, that besides
the fact that the ME transducer modes and architectures influence the energy output
level, the optimization and selection of the MC and ME transducer geometry is decisive.
In fact, the cylindrical geometry for the MC enables to ensure a better magnetic field
concentration through the MS layers. This affects directly, the output of the ME
converter. Furthermore, the cylindrical geometry enables a higher magnetic field level
as well, but in this case an homogeneous distribution of the magnetic field through the
total surface of the ME transducer is important since it affects directly the applied
stress on the PE layer. The rectangular geometry for the ME transducer enables
a better performance, since it ensures a compromise between a maximum variation
and a homogeneous distribution of the magnetic field through the MS layers. The
relative position of the MC to the ME transducer is crucial in the case of low amplitude
vibration, since it improves the magnetic field variation through the MS layers.
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The effects of both electromagnetic and magnetoelectric converters on each other
is then investigated. Results have shown that, the combination of both principles is
synergetic, so that the performance of each converter is improved through the combined
design due to the Joule and Villari effect acting on the MS material.
The novel designed hybrid converter has a total volume of 20 cm3. It includes fixed
components and a moving mass, which is formed with the moving magnet defining
the MS and the MC magnets. The components delivering the harvested energy, which
are the ME transducer and the coils, are fixed to avoid unnecessary wire movements
and to reach an improvement of reliability. Further improvements of reliability by a
coupling of the electromagnetic and magnetoelectric converters in a way that each of
the converter outputs are generated independently and energy can be harvested even if
the coil wires, the ME, or the MS layers break. This enables to realize a long lifetime
of the converter and make it resistive to chocks.
The designed converter is implemented and tested under harmonic and real wideband
vibration profiles. The EM converter has two outputs, which are the coil L1 surrounding
the ME transducer and the coil L2 surrounding the moving magnet of the magnetic
spring. For an applied excitation of 1 mm of amplitude and a resonant frequency of
24 Hz, the maximal output power through L1 is equal to 0.5 mW for a coil resistance
limited to 13.7 𝛺 and the maximal output power of the coil L2 is 0.76 mW for a
coil resistance equal to 10.1 𝛺. To fabricate the ME transducer, an adhesion method
between the MS layers and the PE layer is proposed. It can be realized at room
temperature avoiding soldering procedures, which may depolarize the piezoelectric
layer due to heat dissipation. The method consists of an epoxy MWCNTs composite,
which ensures a good mechanical load transfer between the MS layers and the PE layer.
Due to the good conductivity of the selected MWCNTs epoxy nanocomposite material,
the converter output can be contacted through the MS layers using the silver-ink, as
well at room temperature.
The ME converter is implemented and tested by considering different parameters. As
first, two ME transducers are realized using 1 wt.% and 2 wt.% of MWCNTs material
mixed with the same epoxy material. Results prove that the increase of the MWCNTs
concentration leads to an enhancement of the output voltage through the ME principle
by approximately 14%. Furthermore, the ME converter is tested under different applied
displacement amplitude of 1 and 2 mm. Results show that under 2 mm, the working
frequency bandwidth of the converter is enlarged and reaches 12 Hz for a resonant
frequency of 24 Hz. This wideband behavior is enabled by the nonlinearity of the
magnetic spring and a maximum output power of 0.8 mW is achieved. Under random
vibration profiles, a maximum voltage output of 1.5 V has been realized for a vibration
profile with a limited maximum amplitude of 0.5 mm.
The proposed converter presents a reliable compact vibration converter solution
able to harvest energy under low amplitude and frequency vibration profiles with a
maximum output power density of 0.11 mW/cm3 and a frequency bandwidth of 12
Hz. In this regards, one of the limitations of the electromagnetic converter is their low
output voltage level. Nevertheless, a self powered energy management solution can be
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realized, because the proposed hybrid converter has a second energy source, which is
the ME converter incorporated. Due to its higher voltage output, it can be used as
start up for the energy management circuit to store the generated energy through the
electromagnetic converter . As future work, the investigation of the ME transducer
presents a challenging research field. In fact, it was proved within the experiments
that the MS layers still have the ability to generate higher stress on the PE layer. To
reach a maximum deformation, additional layer deposition on the ME transducer that
enables to concentrate more the magnetic field generated through the MC will ensure
the enhancement of the converter’s performance.

A Ambient sources characteristics data
Table A.1: Ambient vibration source and characteristics [102, 103].
Vibration Source Type Frequency (Hz) Acceleration (g)
Bridges 20.5 0.195
Base of 3 axis machine 70 1
Car engine compartment 200 1.2
Trains wagon connection 46 1
Person tapping nervously their heels 1 0.31
Car instrument panel 13 0.31
HVAC vents in office building 60 0.09
CD on notebook computer 75 0.06
Train 42 1
Lawn tractor 35 1.4
Blender casing 121 1.53
Xiangi Grand bridge 40 0.006
IH-35N over Meidna 15 0.135
Ypsilanti 16 0.0225
Volkswagen Bora 1.6 21 0.15
Mid-size automobile 20 0.01
Mid-size automobile 37.5 0.112
Mid-size automobile 42.5 0.206
Cloth dryer 59 0.43
Air conditioner 17 0.06
Vaccum cleaner 100 0.158
Air conditioner (back side) 120 0.234
Delta drill press 41 0.408
Motorcycle 17 0.306
Air handing unit 33 0.102
Grinding machine 49 0.408
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B Terfenol-D material datasheet
The variation of magnetic flux density relative to the magnetic field for the Terfenol
-D is defined within the FEM relative to the provided data sheet of the company as
shown in figure B.1.
Figure B.1: Magnetic flux density variation of the terfenol-D material.
Figure B.2 presents the level of magnetostriction that Terfenol-D can reach relative
to the applied magnetic field level.
Figure B.2: Magnetostriction variation of the Terfenol-D material.
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